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(57) ABSTRACT

In a magnetic detecting element, second ferromagnetic lay-
ers are deposited on respective second antiferromagnetic
layers. The magnetization direction of the second ferromag-
netic layers 1s antiparallel to that of first ferromagnetic
layers. A static magnetic field generated by a surface mag-
netic charge at the internal side surfaces of the first ferro-
magnetic layers 1s absorbed by the second ferromagnetic
layers. Thus, it becomes hard that the static magnetic field
from the first ferromagnetic layers enters the central portion
of a free magnetic layer. Consequently, the central portion of
the free magnetic layer can maintain its single magnetic
domain state, and, thus, the hysteresis can be reduced and
the Barkhausen noise 1s suppressed.

15 Claims, 23 Drawing Sheets
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FIG. 21
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FIG. 25
HYSTERESIS AREA (+8KA/m)
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1
MAGNETIC DETECTING ELEMENT

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present 1nvention relates to magnetic detecting ele-
ments in which the magnetization of a free magnetic layer 1s
controlled by an exchange bias technique, and particularly to
a magnetic detecting element exhibiting a stable, large
reproduction output even with a narrow track width and 1n
which side reading can be suppressed, and to a method for
manufacturing the same.

2. Description of the Related Art

FIG. 29 1s a fragmentary sectional view of a known
magnetic detecting element (spin-valve thin-film element),
viewed from a side opposing a recording medium.

This magnetic detecting element includes a first antifer-
romagnetic layer 1 formed of a PtMn alloy or the like, and
a pinned magnetic layer 2 formed of a NiFe alloy or the like,
a nonmagnetic material layer 3 formed of Cu or the like, a
free magnetic layer 4 formed of a NiFe alloy or the like, and
a nonmagnetic interlayer § formed of Ru or the like are
deposited on the first antiferromagnetic layer 1 1n that order.

Also, sets of a ferromagnetic layer 6, a second antiferro-
magnetic layer 7, and an electrode layer 8 are formed on the
nonmagnetic interlayer 5, separated by a space having a
track width Tw in the track width direction (X direction

shown 1in the figure), as shown in FIG. 29.

Such magnetic detecting elements as shown 1n FIG. 29
have been disclosed 1in Japanese Unexamined Patent Appli-

cation Publication Nos. 2001-155313 (pp. 12-13, FIG. 1)
and 2001-339111 (p. 10, FIG. 1).

In the magnetic detecting element shown 1n FIG. 29, the
magnetization of the ferromagnetic layer 6 1s fixed 1n the X
direction by an exchange coupling magnetic field generated
at the interface between the second antiferromagnetic layer
7 and the ferromagnetic layer 6. The magnetization of the
free magnetic layer 4 1s fixed 1n the X direction by RKKY
interaction acting between the ferromagnetic layers 6 and
the free magnetic layer 4 separated by the nonmagnetic
interlayer 5, in both end portions of the element. The free
magnetic layer 4 in the central portion of the element 1s put
into a single magnetic domain state to such a small extent
that the magnetization thereof 1s reversible 1n response to an
external magnetic field.

This technique for controlling the magnetization of the
free magnetic layer 4 1s referred to as the exchange bias
method. In particular, 1n the magnetic detecting element
shown m FIG. 29, the free magnetic layer 4 and the
ferromagnetic layer 6 are put into an artificial ferromagnetic
state. It has therefore been considered that the magnetization
of the free magnetic layer 4 1s certainly fixed 1n the end
portions of the element to maintain 1ts single magnetic
domain state.

Accordingly, 1t has been expected that the structure shown
in FIG. 29 would reduce hysteresis and Barkhausen noise.

However, since, 1n the magnetic detecting element shown
in FIG. 29, the ferromagnetic layers 6 have internal side
surfaces 6a, magnetic charge occurs at the internal side
surfaces 6a and this surface magnetic charge generates a
static magnetic field.

The direction of the static magnetic field 1s designated by
arrows 1n FIG. 29. Specifically, the static magnetic field 1s
oriented 1n the nverse direction to the magnetization direc-
tion of the free magnetic layer 4 and, consequently, the
magnetization of the free magnetic layer 4 1s disordered.
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Consequently, the hysteresis cannot be reduced even
though the ferromagnetic layers 6 are provided as shown 1n
FIG. 29, and possibility of the occurrence of Barkhausen
noise 1s maintained. Further improvement has been desired.

SUMMARY OF THE INVENTION

Accordingly, an object of the present invention 1S to
provide a magnetic detecting element in which a stable
single magnetic domain state of the free magnetic layer 1s
maintained to reduce the hysteresis and to make it hard to
generate Barkhausen nose.

According to an aspect of the present invention, a mag-
netic detecting element 1s provided which includes a mul-
tilayer laminate including a first antiferromagnetic layer, a
pinned magnetic layer, a nonmagnetic material layer, and a
free magnetic layer deposited in that order from below and
clectrode layers. The magnetic detecting element also
includes a nonmagnetic interlayer deposited on the free
magnetic layer and a pair of first ferromagnetic layers on the
nonmagnetic 1nterlayer in end portions 1n the track width
direction of the magnetic detecting element. The first ferro-
magnetic layers are separated 1n a track width direction by
a space therebetween. A pair of second antiferromagnetic
layers are separately deposited on the respective first ferro-
magnetic layers, and a pair of second ferromagnetic layers
separately deposited on the respective second antiferromag-
netic layers. The magnetization direction of the second
ferromagnetic layers 1s antiparallel to that of the first ferro-
magnetic layers.

The magnetic detecting element of the present invention
has, 1n the end portions of the element, so-called artificial
ferrimagnetic structures 1n which the free magnetic layer and
the first ferromagnetic layers are magnetically coupled with
the nonmagnetic interlayer therebetween so that the mag-
netization directions thereof are antiparallel to each other.

The magnetization of the first ferromagnetic layers 1s
fixed by an exchange coupling magnetic field between the
first ferromagnetic layers and the second antiferromagnetic
layers. In addition, the magnetization of end portions in the
track width direction of the free magnetic layer 1s certainly
fixed by the artificial ferrrmagnetic structures in the end
portions of the element.

Thus, side reading, in which the magnetization of the free
magnetic layer in the end portions of the element 1s changed
by an external magnetic field, can be prevented.

In addition, even 1if a static magnetic field 1s generated by
magnetic charge at internal side surfaces of the first ferro-
magnetic layers, 1t 1s absorbed by the second ferromagnetic
layers, because the magnetization direction of the second
ferromagnetic layers 1s antiparallel to the magnetization
direction of the first ferromagnetic layers.

Thus, 1t becomes hard that the static magnetic field from
the first ferromagnetic layers enters the central portion of the
free magnetic layer. As a result, the central portion of the
free magnetic layer maintains a stable single magnetic
domain state thereof to reduce the hysteresis and suppress
the occurrence of Barkhausen noises.

Preferably, the distance in the track width direction
between the second anfiferromagnetic layers 1s larger than
the distance 1n the track width direction between the first
ferromagnetic layers so that the first ferromagnetic layers jut
out under the respective internal side surfaces 1n the track
width direction of the second antiferromagnetic layers,
toward the center in the track width direction of the magnetic
detecting element, and the electrode layers lie over the



US 7,005,201 B2

3

second anftiferromagnetic layers and the jutting portions of
the first ferromagnetic layers.

As described above, the magnetization of the end portions
of the free magnetic layer 1s fixed by the RKKY interaction
between the first free magnetic layer and the first ferromag-
netic layers with the nonmagnetic interlayer therebetween,
and the central portion of the free magnetic layer 1s put 1nto
a single magnetic domain state by exchange interaction
inside the free magnetic layer. The bias magnetic field
placed on the central portion of the free magnetic layer acts
harder at the boundaries with the end portions. As the track
width Tw decreases, the bias magnetic field becomes apt to
act harder on the entire central portion of the free magnetic
layer.

In general, while the central portion of a free magnetic
layer subjected to a hard bias magnetic field 1s not fixed as
firmly as the end portions, it becomes hard to reverse the
magnetization thereof 1n response to external magnetic
fields. The region subjected to a bias magnetic field becomes
insensitive, and, consequently, reproduction output
decreases disadvantageously as the track width 1s reduced.

In the magnetic detecting element of the present inven-
tion, however, the msensitive region of the central portion
can be reduced to enhance the reproduction output because
the distance 1n the track width direction between the second
antiferromagnetic layers 1s increased to be larger than the
track width Tw, which 1s determined by the distance between
the first ferromagnetic layers.

The first ferromagnetic layers jut out under the respective
internal side surfaces in the track width direction of the
second anfiferromagnetic layers, toward the center in the
track width direction of the magnetic detecting element.

The jutting portions of the first ferromagnetic layers
constitute artificial ferrimagnetic structures with the under-
lying nonmagnetic interlayer and free magnetic layer, and an
exchange coupling occurs between the first ferromagnetic
layers and the free magnetic layer by RKKY interaction. As
a result, these reglons become more 1nsensitive to external
magneuc fields effectively, and the magnetization of these
regions becomes hard to reverse effectively by a magnetic
field. Thus, the increase of the effective reproduction track
width can be prevented and the occurrence of side reading

can be suppressed.

Since the electrode layers are provided over the second
antiferromagnetic layers and the jutting portions of the first
ferromagnetic layers, sense current from the electrode layers
can flow 1mto the free magnetic layer and the central portion
of the element underlying the free magnetic layer at a
minimum distance, without diverging into portions of the
multilayer laminate underlying the second antiferromagnetic
layers or first ferromagnetic layers of the multilayer lami-
nate.

Preferably, the second ferromagnetic layers are provided
over the second anfiferromagnetic layers and the jutting
portions of the first antiferromagnetic layers. By providing
the second ferromagnetic layers over the ]uttmg portions of
the first ferromagnetic layers, the distance in the thickness
direction between the second ferromagnetic layers and the
first ferromagnetic layer 1s reduced to strengthen the mag-
netostatic coupling between the second ferromagnetic layers
and the first ferromagnetic layers. Accordingly, a static
magnetic field generated from the first ferromagnetic layers
1s prevented from entering the free magnetic layer eflec-
tively. The second antiferromagnetic layers over the jutting
portions of the first ferromagnetic layers do not necessarily
lie directly on the jutting portions.
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The second ferromagnetic layers may overlie only the
second antiferromagnetic layers. In this structure, also, a
magnetostatic coupling can be generated between the second
ferromagnetic layers and the first ferromagnetic layers. Even
this structure can therefore prevent a static magnetic field
generated from the first ferromagnetic layers from entering
the free magnetic layer.

The second ferromagnetic layers may comprise a soft
magnetic material and be deposited directly on the upper
surfaces of the second antiferromagnetic layers.

In this structure, an exchange coupling magnetic field
occurs at the interface between the second ferromagnetic
layers and the second anfiferromagnetic layers, thereby
orienting the magnetization of the second ferromagnetic
layers antiparallel to the magnetization direction of the first
ferromagnetic layers. Specifically, magnetizations of both
the first ferromagnetic layers and the second ferromagnetic
layers are fixed by exchange coupling magnetic fields
between the second antiferromagnetic layer and the first and
second ferromagnetic layers, and the fixed magnetizations
are antiparallel to each other.

In the structure in which the first ferromagnetic layers
underlie the second antiferromagnetic layers and the second
ferromagnetic layers overlie the second antiferromagnetic
layers, the magnetic moment per area of the free magnetic
layer 2 must be larger than that of the first ferromagnetic
layers 1n order to fix the magnetizations of the first ferro-
magnetic layers and the second ferromagnetic layers anti-
parallel to each other.

By forming the first ferromagnetic layers and the free
magnetic layer of materials having substantially the same
composition or substantially the same saturation magneti-
zation Ms, and by setting the thickness of the free magnetic
layer larger than that of the first ferromagnetic layers, the
magnetic moment per arca of the free magnetic layer
becomes larger than that of the first ferromagnetic layers.

Alternatively, nonmagnetic layers are provided between
the respective second antiferromagnetic layers and the sec-
ond ferromagnetic layers, and the second ferromagnetic
layers comprise a hard magnetic material.

Alternatively, the second ferromagnetic layers may com-
prise a soft magnetic material. In this instance, the magnetic
detecting element further includes nonmagnetic layers
between the respective second antiferromagnetic layers and
the second ferromagnetic layers, and third antiferromagnetic
layers on the respective upper surfaces of the second ferro-
magnetic layers.

In this structure, an exchange coupling magnetic field
occurs at the interface between the second ferromagnetic
layers and the third antiferromagnetic layers, thereby ori-
enting the magnetization of the second ferromagnetic layers
antiparallel to the magnetization direction of the first ferro-
magnetic layers.

The first antiferromagnetic layers, the second antiferro-
magnetic layers, and the third antiferromagnetic layers may
comprise the same material. Even in this structure, the
magnetization of the pinned magnetic layer crosses the
magnetization of the free magnetic layer, the magnetization
of the free magnetic layer 1s oriented antiparallel to the
magnetization of the first ferromagnetic layers, and the
magnetization of the first ferromagnetic layers 1s oriented
antiparallel to the magnetization of the second ferromagnetic
layers.

Alternatively, the third antiferromagnetic layer may com-
prise a material having a blocking temperature lower than
that of the materials of the first antiferromagnetic layers and
the second antiferromagnetic layers.
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If the second ferromagnetic layers are formed of a hard
magnetic material, or if the magnetization of the second
ferromagnetic layers 1s fixed by an exchange coupling
magnetic field with the third antiferromagnetic layers, the
magnetic moment per area of the free magnetic layer may be
larger or smaller than that of the first ferromagnetic layers.

The second antiferromagnetic layers may jut out from the
lower edges of the internal side surfaces thereof onto the
respective jutting portions of the first ferromagnetic layers
with the thickness thereof reduced. Preferably, the thickness
of the jutting portion 1s so small as not to exhibit nonmag-
netic characteristics. The thickness 1s preferably 50 A or
less, and more preferably 30 A or less.

The electrode layers may be provided above and under the
multilayer laminate. This structure 1s referred to as the
current-perpendicular-to-plane (CPP) type.

A method for manufacturing a magnetic detecting element
of the present invention includes the following steps:

(a) forming a multilayer laminate so that the magnetic
moment per area of a free magnetic becomes larger than that
of a first ferromagnetic layer, by depositing a first antifer-
romagnetic layer, a pinned magnetic layer, a nonmagnetic
material layer, a free magnetic layer, a nonmagnetic inter-
layer, and the first ferromagnetic layer, 1 that order from
below;

(b) performing a first annealing in a magnetic field to
generate an exchange magnetic coupling magnetic field at
the interface between the first antiferromagnetic layer and
the pinned magnetic layer;

(¢) depositing a second antiferromagnetic layer and a
second ferromagnetic layer on the upper surfaces of both
end portions in the track width direction of the multilayer
laminate;

(d) performing a second annealing in a magnetic field in
a direction crossing the direction of the magnetic field 1n the
first annealing to generate an exchange coupling magnetic
field at the interface between the second antiferromagnetic
layer and the first ferromagnetic layer; and

(¢) forming an electrode layer.

In the method of the present invention, the multilayer
laminate 1s formed so that the magnetic moment per area of
the free magnetic layer becomes larger than that of the first
ferromagnetic layer, in step (a).

Consequently, the magnetization direction of the {first
ferromagnetic layer 1s fixed antiparallel to the magnetization
direction of the second ferromagnetic layer by the second
magnetic field annealing in step (d).

The second ferromagnetic layer may be formed of a soft
magnetic material directly on the supper surface of the
second antiferromagnetic layer, in step (c).

Thus, an exchange coupling magnetic field occurs at the
interface between the second ferromagnetic layer and the
second antiferromagnetic layer, thereby orienting the mag-
netization of the second ferromagnetic layer antiparallel to
the magnetization direction of the first ferromagnetic layer.
Specifically, magnetizations of both the first ferromagnetic
layer and the second ferromagnetic layer are fixed by
exchange coupling magnetic fields between the second
antiferromagnetic layer and the first and second ferromag-
netic layers, and the fixed magnetizations are antiparallel to
cach other.

A nonmagnetic layer may be provided on the second
antiferromagnetic layer and the second ferromagnetic layer
may be formed of a hard magnetic material, in step (c).
Preferably, the second ferromagnetic layer formed of the
hard magnetic material 1s magnetized 1n a magnetic field
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antiparallel to the magnetization direction of the first ferro-
magnetic layer, after step (d).

Alternatively, in step (c¢), after providing a nonmagnetic
layer on the second antiferromagnetic layer and the second
ferromagnetic layer formed of a soft magnetic material on
the nonmagnetic layer, a third antiferromagnetic layer may
be deposited on the second ferromagnetic layer.

Thus, an exchange coupling magnetic field occurs at the
interface between the second ferromagnetic layer and the
third antiferromagnetic layer, thereby orienting the magne-
fization of the second ferromagnetic layer antiparallel to the
magnetization direction of the first ferromagnetic layer.

The first antiferromagnetic layer, the second antiferro-
magnetic layer, and the third antiferromagnetic layer may be
formed of the same material if the temperatures and inten-
sities of the magnetic fields 1n the first annealing and the
second annealing are suitably set. Even 1n this instance, the
magnetization of the free magnetic layer can be oriented in
a direction crossing the magnetization of the pinned mag-
netic layer, and the magnetizations of the first ferromagnetic
layer and the second ferromagnetic layer can be oriented
antiparallel to each other.

The third antiferromagnetic layer may be formed of a
material having a blocking temperature lower than that of
the materials of the first antiferromagnetic layer and the
second antiferromagnetic layer. In this instance, 1if the tem-
peratures and intensities of the magnetic fields 1n the first
annealing and the second annealing are suitably set, the
magnetization of the free magnetic layer can be oriented 1n
a direction crossing the magnetization of the pinned mag-
netic layer, and the magnetizations of the free magnetic layer
and the first ferromagnetic layer can be oriented antiparallel
to each other and the magnetizations of the first ferromag-
netic layer and the second ferromagnetic layer antiparallel to
cach other.

Preferably, in step (e), the electrode layer is provided over
the multilayer laminate and the second antiferromagnetic
layer or third antiferromagnetic layer, and mask layers are
provided on the electrode layer. The mask layers have a
space therebetween with a distance 1n the track width
direction smaller than that of the space in the second
antiferromagnetic layer. Then, the region not covered with
the mask layers of the electrode layer 1s removed to expose
the first ferromagnetic layer. In this instance, the method
may further include step (f) of removing the exposed portion
of the first ferromagnetic layer so that the first ferromagnetic
layer lies on the end portions of the free magnetic layer with
the nonmagnetic interlayer therebetween, with the internal
end portions thereof jutting out toward the center 1n the track
width direction of the element under the internal end por-
tions of the second antiferromagnetic layer. The electrode
layer 1s left over the second antiferromagnetic layer and the
jutting portions of the first ferromagnetic layer.

By performing steps (€) and (f), the length in the track
width direction of the space dividing the second antiferro-
magnetic layer 1s allowed to be larger than the track width
Tw, which 1s determined by the length 1n the track width
direction of the space dividing the first ferromagnetic layer.
Also, the electrode layer 1s provided so as to spread over the
jutting portions of the first ferromagnetic layer. Furthermore,
the artificial ferrimagnetic structures can easily be formed in
which the first ferromagnetic layer lies only on the end
portions, but not on the central portion, of the free magnetic
layer with the nonmagnetic interlayer therebetween.

In step (e), the electrode layer may be provided above and
below the multilayer laminate to manufacture a CPP mag-
netic detecting element.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a fragmentary sectional view of a magnetic
detecting element according to a first embodiment of the
present mvention, viewed from a side opposing a recording,
medium;

FIG. 2 1s a fragmentary sectional view of a magnetic
detecting element according to a second embodiment of the
present invention, viewed from a side opposing a recording,
medium;

FIG. 3 1s a fragmentary sectional view of a magnetic
detecting element according to a third embodiment of the
present mvention, viewed from a side opposing a recording,
medium;

FIG. 4 1s a fragmentary sectional view of a magnetic
detecting element according to a fourth embodiment of the
present mvention, viewed from a side opposing a recording,
medium;

FIG. 5 1s a representation of a step for manufacturing the
magnetic detecting element shown in FIG. 1;

FIG. 6 1s a representation of a step following the step
shown 1n FIG. §;

FIG. 7 1s a representation of a step following the
shown 1n FIG. 6;

FIG. 8 1s a representation of a step following the
shown 1n FIG. 7;

FIG. 9 1s a representation of a step following the
shown 1n FIG. §;

FIG. 10 1s a representation of a step following the
shown 1n FIG. 9;

FIG. 11 1s a representation of a step following the
shown 1n FIG. 10;

FIG. 12 1s a representation of a step following the
shown 1n FIG. 11;

FIG. 13 1s a representation of a step following the step
shown 1n FIG. 12;

FIG. 14 1s a representation of a step for manufacturing the
magnetic detecting element shown in FIG. 3;

FIG. 15 1s a representation of a step following the step
shown 1n FIG. 14;

FIG. 16 1s a representation of a step for manufacturing the
magnetic detecting element shown in FIG. 4;

FIG. 17 1s a representation of a step following the step
shown 1n FIG. 15;

FIG. 18 1s a plot of an R-H curve of a known magnetic
detecting element;

FIG. 19 1s a plot of an R-H curve of the magnetic
detecting element shown 1 FIG. 1;

FIG. 20 1s a plot of an R-H curve of the magnetic
detecting element shown 1 FIG. 3;

FIG. 21 1s a plot of the relationship between the thickness
of a second ferromagnetic layer and the hysteresis of the
magnetic detecting element shown in FIG. 1;

FIG. 22 1s a plot of the relationship between the thickness
of the second ferromagnetic layer and the Barkhausen noise
of the magnetic detecting element shown in FIG. 1;

FIG. 23 1s a plot of the relationship between the thickness
of the second ferromagnetic layer and the output of the
magnetic detecting element shown in FIG. 1;

FIG. 24 1s a plot of the relationship between the thickness
of the second ferromagnetic layer and the asymmetry of the
magnetic detecting element shown in FIG. 1;

FIG. 25 1s a plot of the relationship between the thickness
of a second ferromagnetic layer and the hysteresis of the
magnetic detecting element shown in FIG. 3;
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FIG. 26 1s a plot of the relationship between the thickness
of the second ferromagnetic layer and the Barkhausen noise
of the magnetic detecting element shown 1 FIG. 3;

FIG. 27 1s a plot of the relationship between the thickness
of the second ferromagnetic layer and the output of the
magnetic detecting element shown in FIG. 3;

FIG. 28 1s a plot of the relationship between the thickness
of the second ferromagnetic layer and the asymmetry of the
magnetic detecting element shown in FIG. 3; and

FIG. 29 1s a fragmentary sectional view of a known
magnetic detecting element, viewed from a side opposing a
recording medium.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1 1s a fragmentary sectional view of a magnetic
detecting element according to the present invention, viewed
from a side opposing a recording medium.

The magnetic detecting element 1includes a seed layer 21
formed of a NiFe alloy, a NiFeCr alloy, Cr, or the like on a
substrate 20. Specifically, the seed layer 21 1s formed of, for
example, (Ni, JFe, ,).,Cr.,, on a percent basis, to a thick-
ness of 60 A.

A first antiferromagnetic layer 22 1s formed on the seed
layer 21. The first antiferromagnetic layer 22 1s formed of a
PtMn alloy, an X—Mn alloy, or a Pt—Mn—X' alloy,
wherein X 1s at least one element selected from the group
consisting of Pd, Ir, Rh, Ru, Os, N1, and Fe and X' is at least
one element selected from the group consisting of Pd, Ir, Rh,
Ru, Au, Ag, Os, Cr, N1, Ar, Ne, Xe, and Kr.

By using these alloys as the first antiferromagnetic layer
22 and subjecting the alloys to heat treatment, the resulting
first antiferromagnetic layer 22 and a pinned magnetic layer
23 can form an exchange coupling film that generates a large
exchange coupling magnetic field. In particular, by using a
PtMn alloy, the first antiferromagnetic layer 22 and the
pinned magnetic layer 23 form an excellent exchange cou-
pling film exhibiting an exchange coupling magnetic field of
48 kA/m or more, for example, more than 64 kA/m, and an
extremely high blocking temperature of 380° C., at which
the exchange coupling magnetic field disappears.

Although these alloys have a disordered face-centered
cubic (fce) structure immediately after being deposited, it 1s
transformed 1nto a CuAul-type ordered face-centered tet-
ragonal (fct) structure by heat treatment.

The thickness of the first antiferromagnetic layer 22 1s set
in the range of 80 to 300 A around the center in the track
width direction of the element.

The pinned magnetic layer 23 1s provided on the first
antiferromagnetic layer 22. The pinned magnetic layer 23
has a three-layer artificial ferrimagnetic structure composed
of magnetic layers 24 and 26 and a nonmagnetic interlayer
25 between the magnetic layers 24 and 26.

The magnetic layers 24 and 26 are formed of a magnetic
material, such as a NiFe alloy, Co, a CoNiFe alloy, a CoFe
alloy, or a CoN1 alloy. Preferably, the magnetic layers 24 and
26 are formed of the same material.

The nonmagnetic interlayer 25 1s formed of a nonmag-
netic material, and specifically of one element selected from
or an alloy containing at least two elements selected from the
oroup consisting of Ru, Rh, Ir, Cr, Re, and Cu. Ru 1is
particularly preferable.

A nonmagnetic material layer 27 1s formed on the pinned
magnetic layer 23. The nonmagnetic material layer 27
prevents magnetic coupling of the pinned magnetic layer 23
with a free magnetic layer 28 and through which sense
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current flows mainly. Preferably, the nonmagnetic material
layer 27 1s formed of a conductive nonmagnetic material,
such as Cu, Cr, Au, or Ag. Cu 1s particularly preferable.

The free magnetic layer 28 lies on the nonmagnetic
material layer 27. In the embodiment shown 1n FIG. 1, the
free magnetic layer 28 1s covered with a nonmagnetic
interlayer 29. The free magnetic layer 28 1s formed of a
magnetic material, such as a NiFe alloy, a CoFe alloy, a
CoFeNi alloy, or Co. An anti-diffusion layer (not shown in
the figure) formed of Co, CoFe, or the like may be provided
between the free magnetic layer 28 and the nonmagnetic
material layer 27.

First ferromagnetic layers 30 are provided on the free
magnetic layer 28 with the nonmagnetic interlayer 29 ther-
ebetween, 1n both end portions of the element. Preferably,
the first ferromagnetic layers 30 are formed of the same
magnetic material as 1n the free magnetic layer 28, such as
a Nike alloy, a CoFe alloy, a CoFeNi alloy, or Co.

The layers from the substrate 20 to the first ferromagnetic
layers 30 are hereinafter collectively referred to as a multi-
layer laminate 40.

Second antiferromagnetic layers 31 are formed on the
respective first ferromagnetic layers 30. The second antifer-
romagnetic layers 31 are formed of a PtMn alloy, an X—Mn
alloy, or a Pt—Mn—X' alloy, as with the first antiferromag-
netic layer 22, wherein X 1s at least one element selected
from the group consisting of Pd, Ir, Rh, Ru, Os, Ni, and Fe,
and X' 1s at least one element selected from the group
consisting of Pd. Ir, Rh, Ru, Au, Ag, Os. Cr, N1, Ar, Ne, Xe,
and Kr.

FIG. 1 shows that each second antiferromagnetic layer 31
has an upper sub layer 31c and a lower sub layer 31d
separated by a dotted line. This dotted line indicates that the
second antiferromagnetic layer 31 1s provided by depositing
two layers separately, as described later. However, there 1s
no clear boundary line between the upper sub layer 31¢ and
the lower sub layer 31d.

The thickness of the second antiferromagnetic layers 31 1s
reduced 1n regions B of the end portions of the element,
which 1s close to the central portion of the element, such that
the thickness 1 regions A, which 1s distant from the central
portion, 1s larger than that in regions B. The portions in
regions B of the second antiferromagnetic layers 31 are
hereinafter referred to as internal end portions 31a of the
second antiferromagnetic layer 31.

As shown 1n FIG. 1, the internal side surfaces 315 of the
antiferromagnetic layers 31 1n regions A incline or bend such
that the distance C 1n the track width direction between the
antiferromagnetic layer 31 gradually increases from below
upward (in the Z direction shown in the Figure). Soft
magnetic second ferromagnetic layers 32 are deposited on
the upper surfaces 31le of the second antiferromagnetic
layers 31 1n regions A. The second ferromagnetic layers 32
are formed of, for example, a CoFe, NikFe, or CoFeN1 alloy
or Co.

First stopper layers 33 are formed of, for example, Cr on
the respective second ferromagnetic layers 32, and first
protective layers 34 are formed of, for example, Ta on the
respective first stopper layers 33. The internal side surfaces
34a of the first protective layers 34 are flush with the
respective 1nternal side surfaces 31b of the second antifer-
romagnetic layers 31.

Second stopper layers 35 are formed of Cr or the like over
the upper surfaces of the first protective layers 34 and
internal end portions 31a of the second antiferromagnetic
layers 31 through the internal side surfaces 34a and 31b of
the first protective layers 34 and second antiferromagnetic
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layers 31, and second protective layers 36 are formed of Ta
or the like on the respective second stopper layers 35.

In the present embodiment, electrode layers 37 are pro-
vided on the respective second protective layers 36. The
clectrode layers 37 are formed of a conductive nonmagnetic
material, such as Au, Cr, Rh, Ru, Ta, or W.

Each electrode layer 37 overlies not only the portion 1n
region A of the second antiferromagnetic layer 31, but also
the portion in region B of the first antiferromagnetic layer
with the internal end portion 31a of the second antiferro-
magnetic layer 31, the second stopper layer 35, and the
second protective layer 36 therebetween.

The internal side surfaces 37a of the electrode layers 37
are flush with the internal side surfaces of the first ferro-
magnetic layers 30, internal end portions 31a of the second
antiferromagnetic layers 31, second stopper layers 35, and
second protective layers 36. In the present embodiment, the
internal side surfaces 37a of the electrode layers 37 are
inclined or bent such that the distance in the track width
direction therebetween gradually increases from below
upward (in the Z direction). However, the internal side
surfaces 37a of the electrode layers 37 may extend in the
perpendicular direction to the surface of the substrate 20 (in
the Z direction).

The electrode layers 37 are covered with respective third
protective layers 38 formed of Ta or the like, and a fourth
protective layer 39 1s further provided over the surfaces from
third protective layers 38 to the nonmagnetic interlayer 29
exposed 1 a space with a distance D between the first
ferromagnetic layers 30 through the internal side surfaces
37a of the electrode layers 37. The fourth protective layer 39
may be formed of an insulating material such as Al,O,; or
510 to serve as, for example, an upper gap layer. Alterna-
twely, the fourth protective layer 39 may be allowed to serve
as a specular layer, as described later.

Characteristic features of the magnetic detecting element
shown 1n FIG. 1 will now be described.

In the magnetic detecting element shown in FIG. 1, the
first ferromagnetic layers 30 are provided on both end
portions of the free magnetic layer 28 with the nonmagnetic
interlayer 29 therebetween, and the second antiferromag-
netic layers 31 overlie the respective first ferromagnetic
layers with a distance C larger than the distance D 1n the
track width direction (X direction) between the first antifer-
romagnetic layers 30.

Second antiferromagnetic layers 31 have a larger thick-
ness 1n regions A in the end portions of the element. The
magnetization of the first ferromagnetic layers 30 1s firmly
fixed antiparallel to the track width direction (X direction)
by an exchange coupling magnetic field generated between
the thick portions of the second antiferromagnetic layers 31
and the first ferromagnetic layers 30 underlying the thick
portions. The magnetization of the free magnetic layer 28 1n
regions A, opposing the first ferromagnetic layers 30 1n the
thickness direction, is fixed in the reverse direction (track
width direction) to the magnetization of the first ferromag-
netic layers 30 by RKKY interaction therebetween.

On the other hand, a bias magnetic field mediated by
exchange 1nteractions mnside the first ferromagnetic layers 30
and free magnetic layer 28 and exchange coupling resulting
from the RKKY interaction between the first ferromagnetic
layers 30 and the free magnetic layer 28 act on the portions
in regions B of the first ferromagnetic layers 30, which jut
out toward the central portion under the thick portions of the
second antiferromagnetic layers 31, and the portions in
regions B of the free magnetic layer 28 opposing the first
ferromagnetic layers 30 in the thickness direction (Z direc-
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tion). Consequently, the sensitivities in regions B of the first
ferromagnetic layers 30 and free magnetic layer 28 are
reduced, and can be reduced to zero.

The central portion of the element has no first free
magnetic layer 30 on the free magnetic layer 28 with the
nonmagnetic interlayer 29. The central portion of the free
magnetic layer 28 1s, therefore, subjected to only the bias
magnetic field mediated by the exchange interactions inside
the magnetic layers but not subjected to the exchange
coupling resulting from the RKKY interaction with the first
ferromagnetic layers 30. Consequently, 1t 1s put into a single
magnetic domain state to such a small extent that their
magnetizations are reversible 1n sensitive response to an
external magnetic field.

In addition, even if a static magnetic field 1s generated by
the magnetic charge at the internal side surfaces 30a of the
first ferromagnetic layers 30, 1t 1s absorbed by the second
ferromagnetic layers 32 because the magnetization of the
second ferromagnetic layers 32 1s antiparallel to the mag-
netization direction of the first ferromagnetic layers 30.

Thus, 1t becomes hard that the static magnetic field from
the first ferromagnetic layers 30 enters the central portion of
the free magnetic layer 28. As a result, the central portion of
the free magnetic layer 28 maintains the single magnetic
domain state thereof to reduce the hysteresis and suppress
the occurrence of Barkhausen noises.

Also, since the internal end portions 37b of the electrode
layers 37 overlie the first ferromagnetic layers 30 1n regions
B with the internal end portions 31a of the second antifer-
romagnetic layers 31 and other layers therebetween, sense
current from the electrode layers 37 does not diverge to the
second antiferromagnetic layer 31 1n the end portions of the
clement and the enfire multilayer laminate under the first
ferromagnetic layers 30, but flows into the free magnetic
layer 28 and the central portion of the multilayer laminate
under the free magnetic layer 28 from the internal end
portion 37b of the electrode layer 37 at a mimimum distance.

Other characteristic features of the magnetic detecting
clement shown 1n FIG. 1 will be described. First ferromag-
netic layers 30 and the end portions of the free magnetic
layer 28 constitute artificial ferrimagnetic structures with the
nonmagnetic interlayer 29 therebetween. Preferably, the
nonmagnetic interlayer 29 1s formed of at least one selected
from the group consisting of Ru, Rh, Ir, Cr, Re, Cu.

The first ferromagnetic layers 30 are disposed on the
lower surfaces of the second antiferromagnetic layers 31 and
the second ferromagnetic layers 32 are disposed on the
upper surtaces of the second antiferromagnetic layers 31. In
order to fix the magnetizations of the first ferromagnetic
layers 30 and the second ferromagnetic layers 32 antiparallel
to each other, the magnetic moment per area of the free
magnetic layer 28 must be larger than that of the first
ferromagnetic layers 30.

In the present embodiment, by forming the free magnetic
layer 28 and the first ferromagnetic layer 30 of the same
material and setting the thickness tl of the free magnetic
layer 28 to be larger than the thickness t2 of the first
ferromagnetic layers 30, the magnetic moment Msxtl per
arca of the free magnetic layer 28 1s set to be larger than the
magnetic moment Msxt2 per area of the first ferromagnetic
layer 30.

The thickness t3 of the second ferromagnetic layers 32 1s
preferably in the range ot 10 to 200 A, and more preferably
in the range of 20 to 90 A. An excessively small thickness
t3 of the second ferromagnetic layer 32 weakens the static
magnetic coupling between the first ferromagnetic layers 30
and the second ferromagnetic layers 32, and, consequently,
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the single magnetic domain state of the free magnetic layer
28 cannot be suitably stabilized. In contrast, an excessively
large thickness t3 of the second ferromagnetic layer 32
makes the magnetic field from the second ferromagnetic
layers 32 excessively strong, thereby degrading the sensi-
fivity of the central portion of the free magnetic layer 28.
Also, since the exchange coupling magnetic field of the
second ferromagnetic layers 32 weakens 1n 1nverse propor-
tion to the thickness, an excessively larger thickness t3 of the
second ferromagnetic layers 32 makes the magnetization
direction of the second ferromagnetic layers 32 unstable,
consequently disordering the magnetic domain structure of
the free magnetic layer 28, conversely.

In the magnetic detecting element shown 1n FIG. 1, the
internal end portions 31a of the second antlferromagne 1C
layers 31, which have a thickness smaller than that of the
portions 1n regions A, jut out from the lower edges of the
internal side surfaces 31b 1nto regions B. These internal end
portions 31a of the second antiferromagnetic layers 31 may
not be provided, but are, preferably, provided because it can
climinate negative effects of 1on milling on the layers
thereunder, performed in a method for manufacturing a
magnetic detecting element, described later.

Preterably, the thickness of the internal end portions 31a
is 50 A or less. This is because, if the nternal end portions
31a have a thickness of more than 50 A, they assume an
antiferromagnetism to generate an exchange coupling mag-
netic field between the first ferromagnetic layers 30 and the
internal end portions 31a 1n regions B. Consequently, the
magnetizations of the first ferromagnetic layers 30 and the
free magnetic layer 28 are firmly fixed 1n regions B, so that
the bias magnetic field transmitted from the and portions of
the free magnetic layer 28 by an exchange interaction in the
magnetic layers 1s strengthened around the boundaries
between the central portion and the ends portions of the free
magnetic layer 28. Thus, the free magnetic layer 28 becomes
insensitive 1n the central portion, consequently, reducing
reproduction output.

Preferably, the second antiferromagnetic layers 31 have a
thickness t4 1n the range of 80 to 300 A in regions A. Thus,
an exchange coupling magnetic field having a suitable
intensity 1s generated between the second antiferromagnetic
layers 31 and the first ferromagnetic layers 30 to fix the
magnetizations of the first ferromagnetic layers 30 and the
free magnetic layers 28 more eff

ectively 1n regions A.

The magnetic detecting element shown 1n FIG. 1 has the
stopper layers 33 and 35. Preferably, the stopper layers 33
and 35 are formed of at least one element selected from the
ogroup consisting of Ta, Cr, V, Nb, Mo, W, Fe, Co, N1, Pt, and
Rh.

The second stopper layers 35 must be conductive and
have a lower etching rate than that of the electrode layers 37.
The reason for the necessity of conductivity 1s that sense
current flows from the 1nternal end portion 375 of one of the
clectrode layer 37 to the multilayer laminate 40 through the
corresponding second stopper layer 35. The reason for the
necessity of an etching rate lower than that of the electrode
layers 37 1s to eliminate negative elfects of etching for
dividing a continuous electrode layer into the two electrode
layers 37 1n a manufacturing method described later, and
even of over-etching. Since over-etching exposes only the
second stopper layers 35, whose etching rate 1s low, and the
second stopper layers 35 are not enftirely removed, the layers
under the second stopper layers 35 are not affected by
ctching.

If the second stopper layers 35 are formed of a material
not affected or hardly affected by reactive ion etching (RIE),
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regions exposed by over-etching the continuous electrode
layer 37 of the second stopper layers 35 are hardly affected
by RIE. For example, the manufacturing method, described
later, includes the step of partially removing the continuous
clectrode layer 37 from the central portion of the element by
RIE. In this mstance, a second stopper layer 35 formed of a
material not etched by reactive 1on etching 1s not atfected by
the RIE. Such a material may be used for the second stopper
layers 35.

The second stopper layers 35 are covered with the respec-
tive Ta second protective layers 36, and these second stopper
layers 35 are formed of, for example, Cr. The Cr in the
second stopper layers and Au, which 1s a constituent of the
clectrode layers 37, are apt to diffuse into each other. This
diffusion disadvantageously increases the resistance of the
resulting magnetic detecting element. If the electrode layers
37 and the second stopper layers 35 are formed of Au and Cr,
respectively, they, preferably, have the Ta second protective
layers 36 therebetween 1n order to prevent the diffusion.

The structure of the central portion of the element waill
now be described. In the embodiment shown 1n FIG. 1, the
central portion of the free magnetic layer 28 1s covered with
the nonmagnetic interlayer 29. The nonmagnetic interlayer
29, which 1s formed of Ru as described above, 1s intended to
form artificial ferrimagnetic structures with the free mag-
netic layer 28 and the first ferromagnetic layers 30 1n the end
portions of the element.

The nonmagnetic interlayer 29 1s not, therefore, neces-
sarily provided on the free magnetic layer 28 1n the central
portion, which has no first ferromagnetic layer 30. In such a
case, the fourth protective layer 39 may be provided directly
on the central portion of the free magnetic layer 28. In this
instance, the fourth protective layer 39 may be allowed to
serve as a specular layer.

By providing the specular layer, conduction electrons (for
example, up-spin conduction electrons) reaching the specu-
lar layer are subjected to specular reflection while maintain-
ing their spin states (energy and quantum states). The
specular-retlected up-spin conduction electrons change their
traveling direction, and pass through the free magnetic layer
28.

By providing the specular layer, 1t becomes possible to
extend the mean free path A+ of the up-spin conduction
electrons and, thus, to increase the difference between the
mean free path A+ of the up-spin conduction electrons and
the mean free path A— of the down-spin conduction elec-
trons. Accordingly, the rate of change in resistance (AR/R)
and reproduction output can be increased.

The specular layer 1s formed, for example, by depositing,
Ta to a thickness of about 10 to 20 A to form the fourth
protective layer 39 and completely oxidizing the Ta layer.
Other materials of the specular layer include oxides, such as
Fe—O, N1—O, Co—0, Co—Fe—0, Co—Fe—Ni—O,
Al—O, Al—Q—O0O, and R—O, wherein QQ 1s at least one
selected from the group consisting of B, S1, N, T1, V, Cr, Mn,
Fe, Co, and N1 and R 1s at least one selected from the group
consisting of Cu, 11, V, Cr, Zr, Nb, Mo, Hf, and W; nitrides,
such as AI—N, Al—Q'—N, and R'—N, wherein Q' 1s at
least one selected from the group consisting of B, S1, O, Ti,
V, Cr, Mn, Fe, Co, and N1 and R' 1s at least one selected from
the group consisting of 11, V, Cr, Zr, Nb, Mo, Hf, and W; and
semimetallic whistler alloys.

The fourth protective layer 39 prevents short circuits
between the electrode layers 37 and an upper shield layer
(not shown in the figure) at the back in the height direction
(Y direction) of the element, and prevents the upper surfaces
of the electrode layers 37 from oxidizing.
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Although the magnetic detecting element shown 1n FIG.
1 is of current-in-plane (CIP) type in which sense current
flows from the electrode layers 37 substantially parallel to
the surfaces of the layers of the multilayer laminate 40, the
structure shown in FIG. 1 can also be applied to a current-
perpendicular-to-plane (CPP) magnetic detecting element.

Such an embodiment 1s shown 1n FIG. 2 that 1s a frag-
mentary sectional view of a magnetic detecting element
according to a second embodiment of the present invention,
viewed from a side opposing a recording medium. The same

reference numerals as in FIG. 1 designate the same layers as
in FIG. 1.

In the magnetic detecting element shown in FIG. 2, the
substrate 20 serves as a lower electrode layer, or, for
example, a lower shield layer formed of a magnetic material.

The magnetic detecting element has insulating layers 41
formed of an 1nsulating material, such as Al,O, or S10, 1n
the positions corresponding to the electrode layers 37 in
FIG. 1. The fourth protective layer 39 1s not provided as in
the foregoing embodiment shown 1n FIG. 1, but an upper
clectrode layer 42 1s formed over the 1nsulating layers 41 and
the nonmagnetic mterlayer 29 1n the central portion of the
clement. The upper electrode layer 42 1s an upper shield
layer formed of, for example, a magnetic material.

In the magnetic detecting element shown 1n FIG. 2, the
insulating layers 41 between the second antiferromagnetic
layers 31 and the upper electrode layer 42 prevents sense
current flowing from the upper electrode layer 42 1nto the
multilayer laminate 40 1n the thickness direction from
diverging to the second anftiferromagnetic layers 31. Con-
sequently, the resulting magnetic detecting element can
produce large reproduction output.

If the fourth protective layer 39 1s provided on the
nonmagnetic interlayer 29 in the central portion of the
clement, 1t interferes with or prevents the flow of sense
current from the electrode layer to the multilayer laminate
40 1n the thickness direction, thereby degrading reproduc-
tion characteristics. That 1s why the fourth protective layer
39 1s not formed as in FIG. 1. However, if the fourth
protective layer 39 1s formed of a conductive nonmagnetic
material, 1t may be provided. In this instance, the fourth
protective layer 39 serves as part of an upper gap layer.

The nonmagnetic material layer 27 shown 1 FIG. 2 1s
formed of, for example, Cu. However, 1f the magnetic
detecting element 1s a tunneling magnetoresistive (TMR)
clement using a spin tunnel effect, the nonmagnetic material
layer 27 1s formed of an 1nsulating material such as Al,O..

FIG. 3 1s a fragmentary sectional view of a magnetic
detecting element according to a third embodiment of the
present invention, viewed from a side opposing a recording
medium. The same reference numerals as in FIG. 1 desig-
nate the same layers as 1 FIG. 1.

The magnetic detecting element shown 1n FIG. 3 1s
different from the magnetic detecting element shown 1n FIG.
1 1n that second ferromagnetic layers 60 are formed of a hard
magnetic material on the second antiferromagnetic layers 31
with nonmagnetic layers 61 therebetween.

The nonmagnetic layers 61 ecach include a Ta layer 61a
and a base layer 61b deposited on the Ta layer 61a. Prefer-
ably, the base layer 61b 1s formed of a metal, such as Cr or
W, whose crystals have a body-centered cubic structure (bcc
structure). The base layer 61b, preferably, has a (100) plane
preferential orientation.

However, if the base layers 61b are deposited directly on
the second antiferromagnetic layers 31, the crystals of the
base layers 61b are preferentially oriented in (110) plane to
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reduce the coercive force He and remanence ratio S of the
second ferromagnetic layers 60.

Accordingly, each base layer 61b 1s provided on the Ta
layer 61a so as to be oriented in (100) plane or substantially
not oriented.

The second ferromagnetic layers 60 are formed of a hard
magnetic material, such as a CoPt alloy or a CoPtCr alloy.
These alloys have a hexagonal close-packed structure (hcp)
or a combination structure of a face centered cubic structure
(fcc) and a hexagonal close-packed structure (hcp).

The orientation in the (100) planes of the base layer 615
makes 1t difficult to form an fcc structure 1in the CoPt alloy
constituting the second ferromagnetic layers 60, but makes
it easy to form a hcp structure. In this instance, the ¢ axis of
the hcp structure 1s preferentially oriented at the interfaces
between the CoPt second ferromagnetic layers 60 and the
base layers 61b. Since the hcp structure has magnetic
anisotropy 1n the ¢ axis direction, the coercive force Hc 1s
enhanced 1n the longitudinal direction of layers. In addition,
since the ¢ axis of the hcp structure 1s preferentially oriented
at the interfaces between the CoPt second ferromagnetic
layers 60 and the base layers 61b, the residual magnetization
increases and the remanence ratio S obtained by dividing the
residual magnetization by the saturation magnetic flux den-
sity 1ncreases.

In the magnetic detecting element shown 1n FIG. 3, even
if a static magnetic field 1s generated by the magnetic charge
at the internal side surfaces 30a of the first ferromagnetic
layers 30, 1t 1s absorbed by the second ferromagnetic layers
60 because the magnetization of the second ferromagnetic
layers 60 1s antiparallel to the magnetization direction of the
first ferromagnetic layers 30, as with the first embodiment.

Thus, 1t becomes hard that the static magnetic field from
the first ferromagnetic layers 30 enters the central portion of
the free magnetic layer 28. As a result, the central portion of
the free magnetic layer 28 maintains the single magnetic
domain state thereof to reduce the hysteresis and suppress
the occurrence of Barkhausen noises.

FIG. 4 1s a fragmentary sectional view of a magnetic
detecting element according to a fourth embodiment of the
present mvention, viewed from a side opposing a recording,
medium. The same reference numerals as 1n FIG. 3 desig-
nate the same layers as 1 FIG. 3.

In the magnetic detecting element shown in FIG. 4,
second ferromagnetic layers 62 are formed of a soft mag-
netic material on the second antiferromagnetic layers 31
with the nonmagnetic layer 61 therebetween. Also, third
antiferromagnetic layers 63 are deposited directly on the
upper surfaces of the second ferromagnetic layers 62.

In this magnetic detecting element, an exchange coupling,
magnetic field occurs at the interfaces between the second
ferromagnetic layers 62 and the third antiferromagnetic
layers 63, thereby orienting the magnetization of the second
ferromagnetic layers 62 antiparallel to the magnetization
direction of the first ferromagnetic layers 30.

The third antiferromagnetic layers 63 are formed of the
same antiferromagnetic material of the first and second
antiferromagnetic layers 22 and 31. However, the third
antiferromagnetic layers 63 may be formed of an anfiferro-
magnetic material having a blocking temperature lower than
that of the material of the first and second antiferromagnetic
layers 22 and 31. Exemplary antiferromagnetic materials
having a lower blocking temperature include IrMn and
FeMn.

In the magnetic detecting element shown 1n FIG. 4, even
if a static magnetic field 1s generated by the magnetic charge
at the internal side surfaces 30a of the first ferromagnetic
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layers 30, 1t 1s absorbed by the second ferromagnetic layers
62 because the magnetization of the second ferromagnetic
layers 62 1s antiparallel to the magnetization direction of the
first ferromagnetic layers 30, as with foregoing embodi-
ments.

Thus, 1t becomes hard that the static magnetic field from
e first ferromagnetic layers 30 enters the central portion of
e free magnetic layer 28. As a result, the central portion of
e free magnetic layer 28 maintains the single magnetic
omain state thereof to reduce the hysteresis and suppress
he occurrence of Barkhausen noises.

In the magnetic detecting elements shown 1n FIGS. 3 and
4, the second ferromagnetic layers 60 or 62 are provided
over the second antiferromagnetic layers 31 such as to
extend over the portions 1n regions B of the first ferromag-
netic layer 30 jutting out under the respective internal side
surfaces 31b of the second antiferromagnetic layers 31,
toward the center in the track width direction of the element.

Thus, the internal side surface 60a or 62a of each second
ferromagnetic layer 60 or 62 1s flush with the internal side
surface 30a of the corresponding first ferromagnetic layer 30
and the distance therebetween 1s reduced.

Consequently, the magnetostatic coupling between the
first ferromagnetic layer 30 and the second ferromagnetic
layer 60 or 62 1s strengthened, thereby making 1t hard that
the static magnetic field enters the central portion of the free
magnetic layer 28. As a result, the central portion of the free
magnetic layer 28 certainly maintains the single magnetic
domain state thereof to further reduce the hysteresis and
suppress the occurrence of Barkhausen noises.

However, the internal side surfaces 60a or 62a of the
second ferromagnetic layers 60 or 62 are not necessarily
flush with the respective internal side surfaces 30a of the
first ferromagnetic layers 30, and the internal side surfaces
60a or 62a of the second ferromagnetic layers 60 or 62 may
be recessed from the extensions of the mnternal side surfaces
30a of the first ferromagnetic layers 30. The second ferro-
magnetic layers 60 or 62 may be provided only on the
antiferromagnetic portions 1n regions A of the second anti-
ferromagnetic layers 31.

Magnetic detecting elements 1ncluding the second ferro-
magnetic layers 60 formed of a hard magnetic material or the
second ferromagnetic layers 62 whose magnetization 1s
fixed by an exchange coupling magnetic field with the third
antiferromagnetic layers 63 allow the magnetizations of the
first ferromagnetic layers 30 and the second ferromagnetic
layers 60 or 62 to be antiparallel, irrespective of whether the
magnetic moment per areca of the free magnetic layer 28 1s
larger or smaller than that of the first ferromagnetic layer 30.

Although the magnetic detecting elements shown 1n
FIGS. 3 and 4 are of CIP type, 1n which sense current flows
substantially parallel to the surfaces of the layers of the
multilayer laminate 40, their structures can also be applied
to a CPP magnetic detecting element having electrode layers
above and under the multilayer laminate 40, as i1n the
magnetic detecting element shown 1n FIG. 2.

FIGS. 5 to 13 shows process steps for manufacturing the
magnetic detecting element shown in FIG. 1, and they are
fragmentary sectional views from a side opposing a record-
ing medium.

In a step shown 1n FIG. 5, on a substrate 20 are continu-
ously deposited a seed layer 21, a first antiferromagnetic
layer 22, a pinned magnetic layer 23, a nonmagnetic mate-
rial layer 27, a free magnetic layer 28, a nonmagnetic
interlayer 29, a first ferromagnetic layer 30, a lower sub
layer 31d of a second antiferromagnetic layer 31, and a
nonmagnetic layer S0 by sputtering or vapor deposition. The
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sputtering may be performed by dc magnetron sputtering,
RF sputtering, ion beam sputtering, long-throw sputtering,
collimation sputtering, or the like. The pinned magnetic
layer 23 shown 1n FIG. 5 may have a artificial ferromagnetic
structure including magnetic layers 24 and 26 formed of, for
example, CoFe alloy and a nonmagnetic interlayer 25
formed of, for example, Ru between the magnetic layers 24
and 26. The free magnetic layer 28, which 1s formed of a
magnetic material such as a NiFe alloy, and the nonmagnetic
material layer 27 may have an anti-diffusion layer formed of
a CoFe alloy or the like therebetween. Also, the nonmag-
netic interlayer 29 and the free magnetic layer 28 may have
a CoFe layer therebetween. Thus, the exchange coupling by
RKKY interaction between the free magnetic layer 28 and
the first ferromagnetic layer 30 can be strengthened.

Preferably, the first antiferromagnetic layer 22 and the
lower sub layer 31d of the second anfiferromagnetic layer 31
arc formed of a PtMn alloy, an X—Mn alloy, or a
Pt—Mn—X' alloy, wherein X 1s at least one eclement
selected from the group consisting of Pd, Ir, Rh, Ru, Os, Ni,
and Fe, and X'1s at least one element selected from the group
consisting of Pd, Ir, Rh, Ru, Au, Ag, Os, Cr, N1, Ar, Ne, Xe,
and Kr.

Preferably, the Pt content of the PtMn alloy and the X
content of the X—Mn alloy are 1n the range of 37% to 63%.
More preferably, the Pt content and the X content are in the
range of 47% to 57%.

Preferably, the X' and Pt content of the Pt—Mn—X' alloy
1s 1n the range of 37% to 63%. More preferably, the X' and
Pt content i1s 1n the range of 47% to 57%. In addition,
preferably, X' content of the Pt—Mn—X' alloy 1s 1n the
range of 0.2% to 10%. If X' 1s at least one element selected
from the group consisting of Pd, Ir, Rh, Ru, Os, N1, and Fe,
however, the X' content 1s preferably in the range of 0.2% to
40%.

Preferably, the thickness of the first antiferromagnetic
layer 22 1s in the range of 80 to 300 A. By forming the first
antiferromagnetic layer 22 to a large thickness to this extent,
a large exchange coupling magnetic field can be generated
between the first antiferromagnetic layer 22 and the pinned
magnetic layer 23 by annealing 1n a magnetic field. Specifi-
cally, the 1ntensity of the exchange coupling magnetic field
generated can be 48 kKA/m or more, and, for example, more
than 64 kKA/m.

Preferably, the thickness of the lower sub layer 31d of the
second antlferromagnetlc layer 31 1s m the range of 20 to 50
A, and more preferably 1n the range of 30 to 40 A.

By forming the lower sub layer 31d of the second anti-
ferromagnetic layer 31 to a small thickness of 50 A or less,
the lower sub layer 31d assumes non-antiferromagnetic
characteristics. Therefore, the lower sub layer 314 1s hard to
order-transform even by a first magnetic field annealing,
described below. Consequently, since no exchange coupling
magnetic field 1s generated between the lower sub layer 31d
and the first ferromagnetic layer 30 or it 1s small if some
ogenerated, the magnetizations of the first ferromagnetic
layer 30 and the free magnetic layer 28 are not fixed as
firmly as that of the pinned magnetic layer 23.

It the thickness ot the lower sub layer 31d of the second
antiferromagnetic layer 31 1s less than 20 A, it is hard that
the vicinity of the lower surface of the total second antifer-
romagnetic layer 31, including the upper sub layer 3lc,
which 1s provided on the lower sub layer 31d 1n a down-
stream step, assumes antiferromagnetic characteristics. Con-
sequently, an exchange coupling magnetic field having a
suitable 1ntensity does not occur between the second anti-
ferromagnetic layer 31 and the first ferromagnetic layer 30.
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T'his 1s why the thickness of the lower sub layer 31d 1s
desired to be 20 A or more, and preferably 30 A more.

As shown 1n FIG. §, the first ferromagnetic layer 30 1s
provided on the free magnetic layer 28 with the nonmagnetic
interlayer 29 therecbetween, thereby forming a three-layer
artificial ferrimagnetic structure.

The free magnetic layer 28 and the first ferromagnetic
layer 30 are formed of substantially the same soft magnetic
material, and the thickness t1 of the free magnetic layer 28
1s set to be larger than the thickness t2 of the first ferro-
magnetic layer 30.

Preferably, the nonmagnetic interlayer 29 1s formed of at
least one element selected from the group consisting of Ru,
Rh, Ir, Cr, Re, and Cu. The thickness of the nonmagnetic
interlayer 29 1s, for example, in the range of 6 to 11 A. Such
a small thickness allows an exchange coupling to occur
between the free magnetic layer 28 and the first ferromag-
netic layer 30 by RKKY interaction, and, thus, the magne-
fizations of the free magnetic layer 28 and the first ferro-
magnetic layer 30 become antiparallel to each other.

In the step shown 1n FIG. §, a nonmagnetic layer 50 1s
formed on the lower sub layer 31d of the second antiferro-
magnetic layer 31. The nonmagnetic layer 50 can suitably
prevent the lower sub layer 31d from oxidizing.

The nonmagnetic layer S0 must be a dense layer that 1s
hard to oxidize by exposure to the atmosphere. In addition,
the elements constituting the nonmagnetic layer 50 must not
negatively affect the antiferromagnetic characteristics of the
lower sub layer 31d of the second antiferromagnetic layer 31
even 1f the elements penetrate the lower sub layer 31d.

Preferably, the nonmagnetic layer 50 1s formed of at least
one noble metal selected from the group consisting of Ru,
Re, Pd, Os, Ir, Pt, Au, and Rh.

The nonmagnetic layer 50 formed of a noble metal, such
as Ru, 1s dense and hard to oxidize by exposure to the
atmosphere. Accordingly, the nonmagnetic layer 50 suitably
prevents the atmosphere from oxidizing the lower sub layer
31d of the second antiferromagnetic layer 31 even 1if the
thickness thereof 1s small.

Preterably, the thickness of the nonmagnetic layer 50 1s 1n
the range of 3 to 10 A. Even the nonmagnetic layer 50
having a thickness as small as 1n this range can suitably
prevent the atmosphere from oxidizing the lower sub layer
31d of the second antiferromagnetic layer 31.

In the present invention, by forming the nonmagnetic
layer 50 of a noble metal such as Ru to a small thickness 1
the range of 3 to 10 A, ion milling to remove the nonmag-
netic layer 50 can be performed at a lower energy than that
in known techniques. Thus, the 1on milling can advanta-
geously be controlled.

In the low-energy 1on milling, an 10n beam having a beam
voltage (acceleration voltage) of less than 1000 V is used.
For example, a beam voltage of 100 to 500 V 1s used. In the
present embodiment, an argon (Ar) ion beam having a low
beam voltage of 200 V 1s used.

After depositing the layers up to the nonmagnetic layer S50
on the substrate 20 as shown 1n FIG. §, the first annealing 1s
performed 1n a magnetic field. While a first magnetic field 1s
applied in a direction (Y direction) perpendicular to the track
width Tw (X direction), the laminate is subjected to heat
freatment at a first temperature to generate an exchange
coupling magnetic field between the first antiferromagnetic
layer 22 and the magnetic layer 24 of the pinned magnetic
layer 23. Thus, the magnetization of the magnetic layer 24
1s fixed in the Y direction. The magnetization of the other
magnetic layer 26 of the pinned magnetic layer 23 1s fixed

in the opposite direction to the Y direction by exchange
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coupling resulting from RKKY interaction between the
magnetic layers 24 and 26. The first heat treatment tempera-

ture 1s set at 270° C. and the intensity of the magnetic field
1s set at 800 kKA/m.

As described above, no exchange coupling magnetic field
1s generated between the lower sub layer 314 of the second
ferromagnetic layer 31 and the first ferromagnetic layer 30
by the first magneuc field annealing, or 1f some 1s generated,
the 1ntensity 1s low. This 1s because the lower sub layer 31d
does not have antiferromagnetic characteristics due to 1its
thickness as small as 50 A or less.

The first magneuc field annealing probably allows a noble
metal, such as Ru, in the nonmagnetic layer 50 to diffuse into
the lower sub layer 31d. Consequently, the vicinity of the
surface of the lower sub layer 31d contains the element
constituting the second antiferromagnetic layer 31 and the
noble metal after heat treatment. The noble metal diffused
into the lower sub layer 314 1s probably present more on its
upper surface side, and the noble metal content decreases
ogradually from the upper surface of the lower sub layer 31d
to the lower surface. This composition change can be
confirmed by secondary ion mass spectrometry (SIMS) or
energy-dispersive X-ray diffraction (EDX) using a transmis-
sion electron microscope (TEM).

The nonmagnetic layer 50 1s removed to a small thickness
as much as possible by 1on milling in order to ensure
antiferromagnetic interaction between the lower sub layer
31d and the upper sub layer 31c¢, which will be provided on
the lower sub layer 31d in the following step.

In the step shown 1n FIG. 5, the nonmagnetic layer 50 may
be entirely removed or par‘ually removed to a small thick-
ness of 3 A or less. By removing the nonmagnetic layer 50
to this extent, the second anfiferromagnetic layer 31 whose
thickness 1s increased due to the additional upper sub layer
31c 1s able to serve as an antiferromagnetic body.

Ion milling can be performed at a low energy 1n the step
shown 1n FIG. 5. This 1s because the nonmagnetic layers 50
has a very small thickness of 3 to 10 A. This very thin
nonmagnetic layer 50, which 1s formed of a noble metal,
such as Ru, can prevent oxidization of the lower sub layer
31d of the second antiferromagnetic layer 31, and facilitates
ion milling control in terms of the rate of removing the
nonmagnetic layer 50.

Turning to FIG. 6, the upper sub layer 31c¢ of the second
antiferromagnetic layer 31 1s deposited on the thin lower sub
layer 31d or the partially remaining nonmagnetic layer 50.
These two sub layers 31d and 31c¢ constitute the second
antiferromagnetic layer 31. In this 1nstance, the thickness of
the second antiterromagnetic layer 31 1s set in the range of

80 to 300 A.

Then, a second ferromagnetic layer 32 1s formed of a soft
magnetic material, such as a CoFe or NiFe alloy, on the
second anftiferromagnetic layer 31.

T'he thickness t3 of the second ferromagnetic layer 32 1s
preferably in the range ot 10 to 200 A, and more preferably
in the range of 20 to 90 A.

Then, a first stopper layer 33 is provided on the second
ferromagnetic layer 32. Preferably, the first stopper layer 33
1s formed of at least one element selected from the group
consisting of Cr, Ta, V, Nb, Mo, W, ke, Co, N1, Pt, and Rh
to a thickness 1n the range of 30 to 100 A.

Preferably, a first protective layer 34 1s provided on the
first stopper layer 33 to prevent the first stopper layer 33 and
other underlying layers from oxidizing by exposure to the
atmosphere. The first protective layer 34 also serves as part
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of a mask layer for etching the second antiferromagnetic
layer 31. The first protective layer 34 1s formed of, for
example, Ta.

Then, a second annealing 1n a magnetic field 1s performed.
In this 1nstance, the direction of the magnetic field 1s 1n the
track width direction (X direction). The intensity of the
applied magnetic field 1s set lower than that of the exchange
anisotropic magnetic field of the first antiferromagnetic layer
22 and lower than the spin flop magnetic field of the free
magnetic layer 28 and the first ferromagnetic layer 30, and
temperature of heat treatment 1s set lower than the blocking
temperature of the first antiferromagnetic layer 22. Thus, the
exchange anisotropic magnetic field of the second antifer-
romagnetic layer 31 can be oriented in the track width
direction (X direction) with the exchange anisotropic mag-
netic field of the first antiferromagnetic layer 22 maintained
in the height direction (Y direction), even though the first
antiferromagnetic layer 22 and the second antiferromagnetic
layer 31 are formed of the same material, such as above-
described PtMn or a PtMnX alloy. This second heat treat-
ment is performed at, for example, 250° C., and the intensity
of the magnetic field 1s set at 24 kKA/m.

The second magnetic field annealing allows the second
antiferromagnetic layer 31 to order-transform suitably and,
thus, an exchange coupling magnetic field with a suitable
intensity occurs between the second antiferromagnetic layer
31 and the first ferromagnetic layer 30.

The free magnetic layer 28 and the first ferromagnetic
layer 30 are formed of the same soft magnetic material, and
the thickness t1 of the free magnetic layer 28 1s larger than
the thickness t2 of the first ferromagnetic layer 30. Hence,
the magnetic moment per area of the free magnetic layer 28
1s larger than that of the first ferromagnetic layer 30.

Consequently, the magnetization of the free magnetic
layer 28 1s fixed in the track width direction (X direction),
which 1s the direction of the applied magnetic field for the
second magnetic field annealing. On the other hand, the
magnetization of the first ferromagnetic layer 30 1s fixed
antiparallel to the magnetization direction of the free mag-
netic layer 28 (antiparallel to the track width direction or X
direction) by RKKY interaction between the first ferromag-
netic layer 30 and the free magnetic layer 28.

At the same time, an exchange coupling magnetic field
with a suitable 1ntensity occurs between the second antifer-
romagnetic layer 31 and the second ferromagnetic layer 32,
thereby fixing the magnetization of the second ferromag-
netic layer 32 in the track width direction.

Thus, the magnetizations of the first ferromagnetic layer
30 and the second ferromagnetic layer 32 are fixed anftipar-
allel to each other only by the second magnetic field anneal-
Ing.

Turning to FIG. 7, mask layers 51 are formed on the first
protective layer 34, with a predetermined distance T3 1n the
track width direction (X direction). The distance T3 is larger
than the track width Tw. The mask layers 51 are formed of
a material not removed or hard to remove by RIE. The mask
layers 51 may be formed of a resist or a metal. Metal mask
layers 51 can be used as part of an electrode it they are left.
In the step shown 1n FIG. 7, the mask layers 5 are formed of
a metal, such as Cr. In this step, portions not covered with
the mask layers 51 of the first protective layer 34, first
stopper layer 33, and second antiferromagnetic layer 31 are
etched, and at least the portions underlying the mask layers
51 of the first protective layer 34 need to be maintained until
the end of the etching step. Therefore the material and the
thickness of the mask layers 51 need to be suitably selected.
For example, 1f the mask layers 51 and the first stopper layer
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33 are formed of Cr, the thickness of the mask layers 51 must
be larger than that of the first stopper layer 33; otherwise, the
mask layers 51 will not remain on the first protective layer
34 when the stopper layer 33 1s enfirely removed. Also, the
mask layers 51 and the first protective layer 34 are, prefer-
ably, formed of a material having an etching rate lower than
that of the material of the second antiferromagnetic layer 31,
or a material not etched by the gas for etching the second
antiferromagnetic layer 31.

It the mask layers 51 are formed of a metal, the thickness
thereof 1s, preferably, in the range of 50 to 300 A.

For providing the mask layers 51, for example, a lift-off
resist layer (not shown in the figure) is formed on the region
of the first protective layer 34 where the space with a
distance T3 between the mask layers 51 is to be formed, and
Cr or the like 1s deposited on both end portions of the first
protective layer 34 by sputtering. Then, the resist layer 1s
removed to complete the mask layers 51.

Turning to FIG. 8, the portions not covered with the mask
layers 51 of the first protective layer 34 i1s removed by
ctching. Preferably, RIE 1s applied to this step. The etching
gas may be CF,, C;F,, or a mixture of Ar and CF, or C;F,
and Ar.

After the removal of the first protective layer 34, desig-
nated by the dotted line in FIG. 8, the surface of the first
stopper layer 33 1s exposed. The first stopper layer 33 1s not
entirely removed even by over-etching the first protective
layer 34. By over-etching the first protective layer 34
exposed between the mask layers 51, the internal side
surfaces 34a of the first protective layer can be suitably
inclined or bent and the first protective layer 34 is not
allowed to partially remain on the first stopper layer 33.

In a step shown 1n FIG. 9, the entirety of the portion of the
first stopper layer 33 (designated by dotted lines), exposed
between the mask layers 51 and part of the second antifer-
romagnetic layer 31 underlying the first stopper layer 33
(designated by the dotted line in the antiferromagnetic layer)
are removed by 1on milling. In this step, the mask layers 51
are also removed. As shown 1n FIG. 9, the second antifer-
romagnetic layer 31 remains at a thickness hl 1n the central
portion of the element. This portion with a thickness hl
corresponds to the internal end portions 31a of the second
antiferromagnetic layer 31, and 1s referred to as the antifer-
romag}neuc layer 31a here for convenience. The thickness hl
1s 50 A or less, and preferably 40 A or less. By reducing the
thickness of the second antiferromagnetic layer 31a to 50 A
or less, the exchange coupling magnetic field generated
between the first ferromagnetic layer 30 and the second
antiferromagnetic layer 31a 1s eliminated or weakened. I
the second magnetic field annealing 1s performed after the
step shown 1n FIG. 9, but not after the step shown 1n FIG.
6, the second antiferromagnetic layer 31a has no or small
ferromagnetic characteristics because of its difficulty of
order transformation. The removal quantity of the second
antiferromagnetic layer 31 can be controlled through moni-
toring with an SIMS analyzer contained 1n an 1on milling
apparatus. The second antiferromagnetic layer 31a may be
entirely removed to expose the surface of the first ferromag-
netic layer 30. However, it 1s difficult to stop etching at the
instant when the entire second anfiferromagnetic layer 31a
has been removed, and the etching affects the first ferro-
magnetic layer 30. Therefore, 1t 1s preferable that the second
antiferromagnetic layer 31a be allowed to remain at a small
thickness of 50 A or less, as shown in FIG. 9.

By removing the first protective layer 34, first stopper
layer 33, second antiferromagnetic layer 31 exposed
between the mask layers 51 by 1on milling, these layers are
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cach divided into two and, thus, the internal side surfaces
34a of the resulting first protective layers 34 and the internal
side surfaces 31b of the resulting second antiferromagnetic
layers 31 are formed to continuous, flush inclined or bent
surfaces. In the 1on milling step shown 1n FIG. 9, the mask
layers 51 may be entirely removed, as designated by dotted
lines, or 1t may be allowed to remain slightly.

After 1on milling, in order to determine the height of the
magnetic detecting element (length in the Y direction), the
laminate 1s patterned into a predetermined shape to remove
the back 1n the Y direction of the element. The removed
region 1s provided with an insulating layer (backfill gap

layer) formed of Al,O; or the like.

Turning to FIG. 10, a second stopper layer 35 1s provided
over the upper surfaces and side surfaces 34a of the first
protective layer 34, the internal side surfaces 31b of the
second antiferromagnetic layer 31, and the remaining sec-
ond antiferromagnetic layer 31a 1n the central portion, and
1s subsequently covered with a second protective layer 36.
Then, an electrode layer 37 1s formed on the second pro-
tective layer 36, and 1s subsequently covered with a third
protective layer 38. The second stopper layer 35 1s formed
of a material capable of use for the first stopper layer 33. The
second protective layer 36 and the third protective layer 38
are formed of a material capable of use for the first protec-
five layer 34.

The electrode layer 37 1s formed of a nonmagnetic
conductive material, such as Au, Pd, Cr, Rh, Ru, Ta, or W.

The second stopper layer 35 must be conductive. This 1s
because the second stopper layer 35 will be partially left
under the 1nternal end portions 37b of the resulting electrode
layers 37, as shown 1n FIG. 1, so that sense current can flow
from one of the internal end portions 37b of the electrode
layers 37 to the multilayer laminate 40. An insulating second
stopper layer 35 will disadvantageously block the flow of
sense current.

Preferably, the material of the second stopper layer 35 has
an etching rate lower than that of the material of the
clectrode layer 37. Alternatively, the material of the second
stopper layer 35 1s not etched by the etching gas used for
ctching the electrode layer 37. For example, the electrode
layer 37 1s formed of Au and etched by Ar gas or a mixture
of Ar and C;F, gases. In this instance, the etching rate for the
mixture of Ar and C,F, gases of the second stopper layer 35
can be reduced to a level lower than the etching rate of the
clectrode layer 37 by use of Cr or the like for the second
stopper layer 35.

If the second stopper layer 35 1s formed of Cr and the
clectrode layer 37 1s formed of Au, these elements are liable
to diffuse each other. In order to prevent the diffusion, the
second protective layer 36 formed of Ta or the like is,
preferably, provided between the second stopper layer 35
and the electrode layer 37. If the diffusion does not occur, the
second protective layer 36 1s not necessary.

The third protective layer 38 1s intended to prevent the
clectrode layer 37 from oxidizing by exposure of the atmo-
sphere.

Since, as described above, the height of the element has
already been set at a predetermined value before the step
shown in FIG. 10, the end surface in the height direction (Y
direction) of the electrode layer 37 can be jutted out over the
end 1n the height direction of the laminate including the
substrate 20 to the second antiferromagnetic layer 31. Thus,
the resistance of the element can be reduced and the result-
ing magnetic detecting element can produce a large repro-
duction output.
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Turning to FIG. 11, mask layers 52 are formed on the third
protective layer 38, with a predetermined distance T4 1n the
track width direction (X direction). In this instance, the
center 1n the track width direction of the space between the
mask layers 52 1s aligned with the center 1n the track width
direction of the element. The mask layers 52 are formed of
a material not removed or hard to remove by RIE. The mask
layers 52 may be formed of a resist or a metal. In the step
shown 1n FIG. 11, the mask layers 52 are formed of a metal,
such as Cr. In the following step are etched portions not
covered with the mask layers 52 of the electrode layer 37,
the second antiferromagnetic layer 31a remaining in the
central portion of the element, the first ferromagnetic layer
30, and other layers. The mask layers 52 and portions
underlying the mask layers 52 of the third protective layer 38
neced to be maintained unftil the end of the etching step.
Therefore the material and the thickness of the mask layers
52 need to be suitably selected. Preferably, the mask layers
52 1s formed of a material having an etching rate lower than
that of the material of the electrode layer 37, or a material
not etched.

If the mask layers 52 are formed of a metal, the thickness
thereof 1s, preferably, in the range of 100 to 500 A.

For providing the mask layers 52, for example, a lift-off
resist layer (not shown in the figure) is formed on the region
of the third protective layer 38 where the space with a
distance T4 between the mask layers 1s to be formed, and Cr
or the like 1s deposited on both end portions of the third
protective layer 38 by sputtering. Then, the resist layer 1s
removed to complete the mask layers 52.

Preferably, the distance T4 between the mask layers 52 1s
set smaller than the distance C 1n the track with direction
between the internal side surfaces 31b of the resulting
second antiferromagnetic layers 31, except 1n case where
etching 1s performed so as to incline or bend the internal side
surtaces 37a of the electrode layers 37.

In the step shown 1n FIG. 12, the portions not covered
with the mask layers 52 of the third protective layer 38 and
electrode layer 37 (designated by dotted lines in the figure)
are etched to be removed. Preferably, RIE 1s applied to this
step. The etching gas may be CF,, C;F,, or a mixture of Ar
and CF, or C,F, and Ar.

By removing the portions designated by dotted lines of
the third protective layer 38, electrode layer 37, and second
protective layer 36, the surface of the second stopper layer
35 1s exposed. Since the exposed surface 1s of the second
stopper layer 35, over-etching can be performed to entirely
remove the electrode layer 37 1n this region without fear of
entire removal of the second stopper layer 35. By over-
ctching the electrode layer 37, the internal side surfaces 37a
of the electrode layer 37 can be inclined or bent such that the
distance therebetween gradually increases from below
upward (in the Z direction), and the electrode layer 37 is not
allowed to partially remain on the second stopper layer 35.

In a step shown 1 FIG. 13, the portion of the second
stopper layer 35 (designated by dotted lines), exposed
between the mask layers 52 and the second antiferromag-
netic layer 31a underlying the second stopper layer 35 are
removed by 1on milling. Furthermore, 10n milling 1s contin-
ued until the exposed portion of the first ferromagnetic layer
30 1s entirely removed. This removal quantity of 1on milling
can be confrolled using an SIMS analyzer. In particular, 10n
milling here can be performed at a low energy because the
thicknesses of the layers to be removed are small. Conse-
quently, 1on milling can advantageously be controlled so as
to be stopped at the instant accurately when the entire first
ferromagnetic layer 30 has been removed.
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In the low-energy 10n milling, an 10n beam having a beam
voltage (acceleration voltage) of less than 1000 V is used.
For example, the beam voltage 1s 1n the range of 100 to 500
V. In the present embodiment, an argon (Ar) ion beam
having a low beam voltage of 200 V 1s used.

In the 10n milling step shown 1n FIG. 13, the nonmagnetic
interlayer 29 underlying the first ferromagnetic layer 30 1is
maintained as 1t 1s. However, 1t may be partially removed, or
entirely removed to expose the surface of the free magnetic
layer 28. Also, 1n the 10n milling step, the portion of the first
ferromagnetic layer 30 exposed between the mask layers 52
1s entirely removed, but 1t may be allowed to remain
partially.

After 1on milling, while the central portion of the element
has no first ferromagnetic layer 30 above the free magnetic
layer 28, artificial ferrimagnetic structures are constituted of
the free magnetic layer 28 and the first ferromagnetic layers
30 with the nonmagnetic interlayer 29 therebetween in
regions B of the end portions. The artificial ferrimagnetic
structures 1n regions B have essentially no second antifer-
romagnetic layer 31 on the first ferromagnetic layer 30
thereof (the internal end portions 31a of the second antifer-
romagnetic layer 31 remains with a very small thickness, in
FIG. 13). In regions A of the end portions of the element,
artificial ferrimagnetic structures are constituted of the free
magnetic layer 28 and the first ferromagnetic layer 30 with
the nonmagnetic interlayer 29 therebetween, and which have
the second antiferromagnetic layer 31 with a laree thickness
on the first ferromagnetic layer 30.

The track width Tw 1s determined by the distance D 1n the
track width direction between the lower surfaces of the
resulting first ferromagnetic layers 30.

The 10on milling 1n the step shown 1n FIG. 13 divides the
first ferromagnetic layer 30 into two to form the internal side
surfaces 30a of the first ferromagnetic layers 30, thereby
generating surface magnetic charge. However, since the
magnetizations of the first ferromagnetic layers 30 and the
second ferromagnetic layers 32 have been fixed antiparallel
to each other by the second magnetic field annealing 1in FIG.
6, magnetostatic coupling can occur between the internal
side surfaces 30a of the first ferromagnetic layers 30 and the
internal side surtfaces 32a of the second ferromagnetic layers
32. Thus, the static magnetic field from the first ferromag-
netic layers 30 to the central portion of the free magnetic
layer 28 can be weakened.

After the step of FIG. 13, the fourth protective layer 39 1s
formed over the third protective layers 38, the internal side
surfaces 37a of the electrode layers 37, and the exposed
nonmagnetic interlayer 29. If the exposed portion of the
nonmagnetic interlayer 29 is entirely removed to expose the
surface of the free magnetic layer 28, the fourth protective
layer 39 can be allowed to serve as a specular layer. For the
specular layer, the fourth protective layer 39 may be formed
of Ta to a thickness 1n the range of about 10 to 20 A and is
oxidized. By providing the fourth protective layer 39, the
clectrical insulation between the electrode layers 37 and the
upper shield layer, which will be formed mm a downstream
step, can be enhanced.

A method for manufacturing the magnetic detecting ele-
ment shown 1n FIG. 3 will now be described.

In manufacture of the magnetic detecting element shown
in FIG. 3, substantially the same steps described with
reference to FIGS. 6 to 9 are performed. However, the
present method 1s different in that the Ta layer 61a 1s directly
provided on the second antiferromagnetic layer 31 without
forming the second ferromagnetic layer 32 1n the step of
FIG. 6. The Ta layer 614 has the same function as that of the
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first protective layer 34 shown 1n FIGS. 6 to 9. A layer
formed of Cr as 1n the first stopper layer 33 may be provided
between the second antiferromagnetic layer 31 and the Ta
layer 61a.

After the central portion of the second antiferromagnetic
layer 31 1s removed 1n the step of FIG. 9, in order to
determine the height of the magnetic detecting element
(length in the Y direction), the laminate is patterned into a
predetermined shape to remove the back 1n the Y direction
of the element. The removed region 1s provided with an
insulating layer (backfill gap layer) formed of Al,O; or the
like.

Then, 1n a step shown 1n FIG. 14, over the upper surface
and 1nternal side surfaces 61al of the Ta layer 61a and the
internal side surfaces 315 and central potion 31la of the
second antiferromagnetic layer 31 are deposited the base
layer 61b, the second ferromagnetic layer 60 formed of a
hard magnetic material, the second stopper layer 35, and the
second protective layer 36. Then, the electrode layer 37 1s
formed on the second protective layer 36, and 1s subse-
quently covered with the third protective layer 38.

The second ferromagnetic layer 60 1s formed of CoPt,
CoCrPt, or the like. The second protective layer 36 may not
be provided unless diffusion of component elements, as in
the step of FIG. 10, occurs between the second stopper layer
35 and the electrode layer 37.

In the step of FIG. 14, as above, the end surface i the
height direction (Y direction) of the electrode layer 37 can
be jutted out over the end i1n the height direction of the
laminate 1ncluding the substrate 20 to the second antiferro-
magnetic layer 31. Thus, the resistance of the element can be
reduced and the resulting magnetic detecting element can
produce a large reproduction output.

Also, mask layers 52 are formed on the third protective
layer 38, with a predetermined distance T4 1n the track width
direction (X direction). In this instance, the center in the
track width direction of the space with a distance T4
between the mask layers 52 1s aligned with the center in the
track width direction of the element. The mask layers 52 are
formed of Cr as i the step of FIG. 11. Preferably, the
thickness of the mask layers 32 1s 1n the range of 100 to 500
A.

Preferably, the distance T4 between the mask layers 1s
smaller than the distance C in the track with direction
between the internal side surfaces 31b of the second anti-
ferromagnetic layer 31, except in case where etching is
performed so as to incline or bend the internal side surfaces
37a of the electrode layer 37.

In the step shown i1n FIG. 15, the portions not covered
with the mask layers 52 of the third protective layer 38 and
electrode layer 37 (designated by dotted lines in the figure)
are etched to be removed. Preferably, RIE 1s applied to this
step. The etching gas may be CF,, C;F,, or a mixture of Ar
and CF, or C,F, and Ar.

Since the surface of the second stopper layer 35 1s
exposed by removing the portions designated by dotted lines
of the third protective layer 38, electrode layer 37, and
second protective layer 36, over-etching can be performed to
remove the entire electrode layer 37 without fear of entire
removal of the second stopper layer 35. By over-etching the
clectrode layer 37, the internal side surfaces 37a of the
clectrode layer 37 can be inclined or bent such that the
distance therebetween gradually increases from below
upward (in the Z direction), and the electrode layer 37 is not
allowed to partially remain on the second stopper layer 35.

Then, the second stopper layer 35 exposed between the
mask layers 52, and the second ferromagnetic layer 60, and
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the bas layer 61b are removed by 1on milling. Furthermore,
ion milling 1s continued until the remaining second antifer-
romagnetic layer 31a and the first ferromagnetic layer 30 are
entirely removed. This removal quantity of 1on milling can
be controlled using an SIMS analyzer. In particular, 1on
milling here can be performed at a low energy because the
thicknesses of the layers to be removed are small. Conse-
quently, 1on milling can advantageously be controlled so as
to be stopped at the instant accurately when the entire first
ferromagnetic layer 30 has been removed.

In the low-energy 10n milling, an 10n beam having a beam
voltage (acceleration voltage) of less than 1000 V is used.
For example, the beam voltage 1s 1n the range of 100 to 500
V. In the present embodiment, an argon (Ar) ion beam
having a low beam voltage of 200 V 1s used.

Although the nonmagnetic interlayer 29 underlying the
first ferromagnetic layer 30 1s maintained as 1t 1s, it may be
partially removed, or entirely removed to expose the surface
of the free magnetic layer 28. Also, 1 the 1on milling step,
the portion of the first ferromagnetic layer 30 exposed
between the mask layers 52 1s entirely removed, but it may
remain partially. The mask layers 52 are enfirely removed in
the 1on milling step.

After 1on milling, while the central portion of the element
does not have the first ferromagnetic layer 30 on the free
magnetic layer 28, artificial ferrimagnetic structures are
constituted of the free magnetic layer 28 and the {irst
ferromagnetic layer 30 with the nonmagnetic interlayer 29
therebetween 1n regions B of the end portions. The artificial
ferrimagnetic structures 1n regions B have essentially no
second antiferromagnetic layer 31 on the first ferromagnetic
layer 30. In regions A of the end portions of the element,
ferrimagnetic structures are constituted of the free magnetic
layer 28 and the first ferromagnetic layer 30 with the
nonmagnetic interlayer 29 therebetween, and which have the
second antiferromagnetic layer 31 with a large thickness on
the first ferromagnetic layer 30.

In the 10on milling step, the first ferromagnetic layer 30 and
the second ferromagnetic layer 60 are each divided into two
layers to form continuous, flush internal side surfaces 30a
and 60a of the first ferromagnetic layers and second ferro-
magnetic layers 60. Hence, the second ferromagnetic layers
60 lic over the second antiferromagnetic layers 31 and the
portions 1n regions B of the first ferromagnetic layers 30,
and, thus, the distance between the 1nternal side surfaces 60a
of the second ferromagnetic layers 60 and the internal side
surfaces 30a of the first ferromagnetic layers 30 decreases.

Consequently, the magnetostatic coupling between the
first ferromagnetic layers 30 and the second ferromagnetic
layers 60 1s strengthened, thereby making it hard that the
static magnetic field enters the central portion of the free
magnetic layer 28. As a result, the central portion of the free
magnetic layer 28 certainly maintains the single magnetic
domain state thereof to further reduce the hysteresis and
suppress the occurrence of Barkhausen noises.

Furthermore, the fourth protective layer 39 1s formed over
the third protective layers 38, the internal side surfaces 37a
of the electrode layers 37, and the exposed nonmagnetic
interlayer 29 as shown in FIG. 3. If the nonmagnetic
interlayer 29 1s entirely removed to expose the surface of the
free magnetic layer 28, the fourth protective layer 39 can be
allowed to serve as a specular layer. For the specular layer,
the fourth protective layer 39 may be formed of Ta to a
thickness 1n the range of about 10 to 20 A and is oxidized.
By providing the fourth protective layer 39, the msulation
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between the electrode layer 37 and the upper shield layer,
which will be formed in a downstream step, can be
enhanced.

Finally, the resulting composite 1s placed 1n a magnetic
field 1 the track width direction, and the second ferromag-
netic layers 60 are magnetized in the track width direction at
room temperature to complete the magnetic detecting ele-
ment shown 1 FIG. 3. This step of magnetizing the second
ferromagnetic layers 60 at room temperature does not atfect
the exchange coupling magnetic field between the second
antiferromagnetic layers 31 and the first ferromagnetic lay-
ers 30. Therefore, the magnetic moment per area of the free
magnetic layer 28 may be larger or smaller than that of the
first ferromagnetic layers 30, as long as the magnetization 1s
performed so as to set the magnetization directions of the
first ferromagnetic layers 30 and the second ferromagnetic
layers 60 to be antiparallel.

In the step of FIG. 6, the nonmagnetic layer 61 and the
second ferromagnetic layer 60 may be deposited all over the
second antiferromagnetic layer 31. The central portions of
the second ferromagnetic layer 60 and the second antifer-
romagnetic layer 31 are removed as in the step of FIG. 9 and,
then, the electrode layer 37 1s formed. Such a process can
provide a magnetic detecting element in which the second
ferromagnetic layers 60 formed of a hard magnetic material
overlie only the portions of the second antiferromagnetic
layers 31, having a large thickness in regions A, which
exhibit antiferromagnetic characteristics.

A method for manufacturing the magnetic detecting ele-
ment shown 1n FIG. 4 will now be described.

In the method for manufacturing the magnetic detecting
clement shown in FIG. 4, the process up to the steps of
removing the central portion of the second antiferromagnetic
layers 31 of the element and forming the backiill gap layer
1s the same as in the method forming the magnetic detecting
element shown 1n FIG. 3.

Then, 1n a step shown 1n FIG. 16, over the upper surface
and 1nternal side surfaces 6lal of the Ta layer 6la, the
internal side surfaces 315 and central potion 31la of the
second antiferromagnetic layer 31 are deposited a base layer
61b, a second ferromagnetic layer 62 formed of a soft
magnetic material, a third antiferromagnetic layer 63, a
second stopper layer 35, and a second protective layer 36.
Then, an electrode layer 37 1s formed on the second pro-
tective layer 36, and 1s subsequently covered with a third
protective layer 38.

The second ferromagnetic layer 62 1s formed of CoPt,
NiFe, or the like. The third antiferromagnetic layer 63 is
formed of the same antiferromagnetic material of the first
and second antiferromagnetic layers 22 and 31. The second
protective layer 36 may not be provided unless diffusion of
clements, as 1n the step of FIG. 10, occurs between the
second stopper layer 35 and the electrode layer 37.

In the step of FIG. 16, as above, the end surface i the
height direction (Y direction) of the electrode layer 37 can
be jutted out over the end i1n the height direction of the
laminate 1ncluding the substrate 20 to the second antiferro-
magnetic layer 31. Thus, the resistance of the element can be
reduced and the resulting magnetic detecting element can
produce a large reproduction output.

Then, mask layers 52 are formed on the third protective
layer 38, with a predetermined distance T4 1n the track width
direction (X direction). In this instance, the center in the
track width direction of the space with a distance T4
between the mask layers 52 1s aligned with the center in the
track width direction of the element. The mask layers 52 are
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formed of Cr as i the step of FIG. 11. Preferably, the
thickness of the mask layers 52 1s 1n the range of 100 to 500
A

Then, a third annealing 1n a magnetic field 1s performed.
In this 1nstance, the direction of the magnetic field 1s 1n the
track width direction (X direction). In the third magnetic
field annealing, the 1ntensity of the applied magnetic field 1s
set lower than that of the exchange anisotropic magnetic
fields of the first antiferromagnetic layer 22 and the second
antiferromagnetic layer 31, and temperature of heat treat-
ment 1S set lower than the blocking temperatures of the first
antiferromagnetic layer 22 and the second antiferromagnetic

layer 31. Thus, the exchange anisotropic magnetic field of
the third antiferromagnetic layer 63 can be oriented in the
track width direction (X direction) with the directions of the
exchange anisotropic magnetic fields of the first antiferro-
magnetic layer 22 and the second antiferromagnetic layer 31
maintained, even though the third antiferromagnetic layer 63
1s formed of an above-described PtMn or PtMnX alloy, as
with the first antiferromagnetic layer 22 and the second
antiferromagnetic layer 31. This third heat treatment i1s
performed at, for example, 250° C., and the intensity of the
magnetic field 1s set at 24 kA/m.

The third magnetic field annealing allows the third anti-
ferromagnetic layer 63 to order-transform suitably and, thus,
an exchange coupling magnetic field with a suitable inten-
sity occurs between the third antiferromagnetic layer 63 and
the second ferromagnetic layer 62.

The magnetic moments per area of the free magnetic layer
28 and the first ferromagnetic layer 30 are arbitrarily set, as
long as the third magnetic field annealing 1s performed.

If the magnetic moment per arca of the free magnetic
layer 28 1s larger than that of the first ferromagnetic layer 30,
the second magnetic field annealing performed 1n the step of
FIG. 6 may be omitted. In this instance, the second ferro-
magnetic layer 62 and the third antiferromagnetic layer 63
are deposited without generating an exchange coupling
magnetic field between the first ferromagnetic layer 30 and
the second anfiferromagnetic layer 31, and annealing 1n a
magnetic field 1s performed only once under the same
conditions as i1n the second magnetic field annealing.

For example, the free magnetic layer 28 and the first
ferromagnetic layer 30 are formed of the same soft magnetic
material, and the thickness t1 of the free magnetic layer 28
1s set to be larger than the thickness t2 of the first ferro-
magnetic layer 30.

Then, annealing 1s performed 1 a magnetic field 1n the
track width direction with an intensity lower than that of the
exchange anisotropic magnetic field of the first antiferro-
magnetic layer 22 and lower than the spin flop magnetic field
of the free magnetic layer 28 and the first ferromagnetic
layer 30 at a temperature lower than the blocking tempera-
ture of the first antiferromagnetic layer 22. For example, this
temperature 1s set at 250° C., and the intensity of the
magnetic field 1s set at 24 kKA/m.

Thus, the exchange anisotropic magnetic field between
the second antiferromagnetic layer 31 and the first ferro-
magnetic layer 30 can be oriented antiparallel to the track
width direction (X direction), and the exchange anisotropic
magnetic fields of the third antiferromagnetic layer 63 and
the second ferromagnetic layer 62 can be oriented 1n the
track width direction with the exchange anisotropic mag-
netic field of the first antiferromagnetic layer 22 maintained
in the height direction (Y direction), even though the first
antiferromagnetic layer 22, the second antiferromagnetic
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layer 31, and the third antiferromagnetic layer 63 are formed
of the same material, such as above-described PtMn or a
PtMnX alloy.

Consequently, the magnetization of the free magnetic
layer 28 1s fixed in the track width direction (X direction).
On the other hand, the magnetization of the first ferromag-
netic layer 30 1s fixed antiparallel to the magnetization
direction of the free magnetic layer 28 (antiparallel to the
track width direction or X direction) by RKKY interaction
between the first ferromagnetic layer 30 and the free mag-
netic layer 28.

At the same time, an exchange coupling magnetic field
with a suitable 1ntensity occurs between the third antiferro-
magnetic layer 63 and the second ferromagnetic layer 62,
thereby fixing the magnetization of the second ferromag-
netic layer 32 1n the track width direction.

Thus, the magnetizations of the first ferromagnetic layer
30 and the second ferromagnetic layer 62 are fixed anftipar-
allel to each other only by performing magnetic field anneal-
ing only once.

Turning to FIG. 17, the portions not covered with the
mask layers 52 of the third protective layer 38 and electrode
layer 37 (designated by dotted lines in the figure) are etched
to be removed. Preferably, RIE 1s applied to this step. The
etching gas may be CF,, C,;F,, or a mixture of Ar and CF,
or C;F, and Ar.

By removing the portions designated by dotted lines of
the third protective layer 38, electrode layer 37, and second
protective layer 36 are removed, the surface of the second
stopper layer 35 1s exposed.

Then, the second stopper layer 35 exposed between the
mask layers 52, and the third antiferromagnetic layer 63, the
second ferromagnetic layer 62, and the base layer 61b are
removed by 1on milling. Furthermore, 10n milling 1s contin-
ued until the remaining second anftiferromagnetic layer 31a
and the first ferromagnetic layer 30 are entirely removed.
This removal quantity of 1on milling can be controlled using
an SIMS analyzer. In particular, 1on milling here can be
performed at a low energy.

Although the nonmagnetic interlayer 29 underlying the
first ferromagnetic layer 30 1s maintained as it 1s, it may be
partially removed, or entirely removed to expose the surface
of the free magnetic layer 28. Also, 1n the 1on milling step,
the portion of the first ferromagnetic layer 30 exposed
between the mask layers 52 1s enfirely removed, but it may
be allowed to remain partially. The mask layers 52 are
entirely removed by the 1on milling.

After 1on milling, while the central portion of the element
does not have the first ferromagnetic layer 30 on the free
magnetic layer 28, artificial ferrimagnetic structures are
constituted of the free magnetic layer 28 and the {first
ferromagnetic layer 30 with the nonmagnetic interlayer 29
therebetween 1n regions B of the end portions. The artificial
ferrimagnetic structures m regions B have essentially no
second anfiferromagnetic layer 31 on the first ferromagnetic
layer. In regions A of the end portions of the element,
ferrimagnetic structures are constituted of the free magnetic
layer 28 and the first ferromagnetic layer 30 with the
nonmagnetic interlayer 29 therebetween, and which have the
second anfiferromagnetic layer 31 with a large thickness on
the first ferromagnetic layer 30.

In the 10n milling step, the first ferromagnetic layer 30 and
the second ferromagnetic layer 62 are each divided into two
layers to form continuous, flush mternal side surfaces 30a
and 62a of the first ferromagnetic layers and second ferro-
magnetic layers 60). Hence, the second ferromagnetic layers
62 lic over the second antiferromagnetic layers 31 and the
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portions 1n regions B of the first antiferromagnetic layers 30,
and, thus, the distance between the 1nternal side surfaces 60a
of the second ferromagnetic layers 60 and the internal side
surfaces 30a of the first ferromagnetic layers 30 decreases.

Consequently, the magnetostatic coupling between the
first ferromagnetic layers 30 and the second ferromagnetic
layers 62 1s strengthened, thereby making i1t hard that the
static magnetic field enters the central portion of the free
magnetic layer 28. As a result, the central portion of the free
magnetic layer 28 certainly maintains the single magnetic
domain state thereof to further reduce the hysteresis and
suppress the occurrence of Barkhausen noises.

Furthermore, the fourth protective layer 39 1s formed over
the third protective layers 38, the internal side surfaces 37a
of the electrode layers 37, and the exposed nonmagnetic
interlayer 29. Thus, the magnetic detecting element shown
in FIG. 4 1s completed. The fourth protective layer 39 may
be allowed to serve as a specular layer, as described above.

In the step of FIG. 6, the nonmagnetic layer 61, the second
ferromagnetic layer 62, and the third antiferromagnetic layer
63 may be deposited all over the second antiferromagnetic
layer 31. The central portions of the third antiferromagnetic
layer 63, the second ferromagnetic layer 62, and the second
antiferromagnetic layer 31 are removed as 1n the step of FIG.
9 and, then, the electrode layer 37 1s formed. Such a process
can provide a magnetic detecting element in which the
second ferromagnetic layers 62 formed of a soft magnetic
material overlie only the portions having a large thickness of
the second antiferromagnetic layer 31 1n regions A, which
exhibit antiferromagnetic characteristics.

In the embodiments shown 1n FIGS. 1 and 3, the portion
31a of the second anftiferromagnetic layer 31 1s left 1n the
central portion of the element 1n the step of FIG. 9. This
portion 31a of the second antiferromagnetic layer 31 pro-
tects the first antiferromagnetic layer 30 thereunder from the
ion milling in the step of FIG. 9. Also, the portion 31a with
a small thickness of the second antiferromagnetic layer 31 1s
eventually left on the portions 1n regions B of the first
ferromagnetic layers 30, which jut out under the internal side
surfaces 31b of the second antiferromagnetic layers 31,
toward the center 1n the track width direction of the element,
and serve as the mternal end portions 31a.

The CPP magnetic detecting element shown 1n FIG. 2 1s
manufactured through the same steps as those of FIGS. § to
16, except that the electrode layer 1s replaced with the
insulating layer formed of Al,O, S10,, or the like. Also, the
substrate of the CPP magnetic detecting element 1s used as
the lower electrode layer and the fourth protective layer 39
1s replaced with the upper electrode layer.

The resulting magnetic detecting element of the present
invention 1s used 1n the magnetic head contained 1n a hard
disk, or for a magnetic sensor.

EXAMPLES

The magnetic detecting elements shown 1n FIGS. 1 and 3
were prepared, and their hysteresis, Barkhausen noise, out-
put, and asymmetry were examined.

Also, a magnetic detecting element of comparative
example was prepared whose layered structure were: silicon
substrate/alumina (1000 A)/Seed layer 21, (Ni, gFeq 5) 60 Crag
(60 A)/first antiferromagnetic layer 22 Pts,Mns,, (120
A)/pmned magnetic layer 23, Cogole,q (16 A)/Ru (9
A)/ CogoFe g, (22 A)/nonmagnetlc material layer 27, Cu (21
A)/free magnetic layer 28, Cogobe,q (10 A)/NlSDFe o (30
A)/Co Fe,, (6 A)/nonmagnetic interlayer 29, Ru (9 A)/ﬁrst
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ferromagnetic layer 30, CogoFe,, (18 A))/second antiferro-
magnetic layer, Pt.,Mn., (200 A)/Ta

The layered structure of the magnetic detecting element
shown in FIG. 1 were: silicon substrate/alumina (1000
A)/Seed layer 21, (Nig gFeq 5)s0Cryq (60 A)/ﬁrst antiferro-
magnetic layer 22, Pt;oMns,, (120 A)/pmned magnetic layer
23, Co,.Fe,, (16 A)/Ru (9 A)CogoFe 4, (22 A)/nonmag-
netic material layer 27, Cu (21 A)/free magnetic layer 28,
Co_Fe,, (10 A)/NlSOFe20 (30 A)/Coy.Fe,, (6 A)/nonmag-
netic terlayer 29, Ru (9 A)/ﬁrst ferromagnetic layer 30,
Co Feqq (18 A))/Seeend antiferromagnetic layer, Pts,Mns,
(200 A)/Seeond ferromagnetic layer 32, CogoFe o (X A)/T a.

The layered structure of the magnetic detecting element
shown i FIG. 3 were: silicon substrate/alumina (1000
A)/seed layer 21, (Nig gFeq 5)50Cr 0 (60 A)/ﬁrst antiferro-
magnetic layer 22 Pts Mns, (120 A)/pmned magnetic layer
23, CogoFe o (16 A)/Ru (9 A)/CegoFe10 (22 A)/nonmagnetle
material layer 27, Cu (21 A)/free magnetic layer 28,
Co_Fe,q (10 A)/NlE;OFe20 (30 A)/CeQOFe10 (6 A)/nonmag-
netic interlayer 29, Ru (9 A)/ﬁrst ferromagnetic layer 30,
Co_Fe,, (18 A))/Seeend antiferromagnetic layer, PtsoMns,
(0200 A)/Ta layer 61a, Ta (10 A)/base layer 61b, Cr (30
A)/second ferromagne‘ue layer 60, CoPt (X A)/Ta.

FIG. 18 shows the R-H curve of the comparative example.
The comparative example has the structure of a magnetic
detecting element described in the related art. Specifically,
while artificial ferrimagnetic structures are constituted of the
free magnetic layer and the first ferromagnetic layer with the
nonmagnetic interlayer therebetween, under the second anti-
ferromagnetic layer 1n the end portions of the element, the
second ferromagnetic layer does not provided on the second
antiferromagnetic layer. R-H curves are graphs in which
intensities of applied magnetic ficlds H are plotted 1n ordi-
nate and output voltages V of a magnetic detecting element
in abscissa. The output voltage V of a magnetic detecting
clement varies according to changes in resistance of the
clement.

The resistances of the magnetic detecting elements were
measured while an magnetic field H varied from -8 to 8
kA/m was applied to the magnetic elements 1n the height
direction (Y direction).

FIG. 18 shows a hysteresis loop L 1n the magnetic field
range of -1 to 1 kA/m. Also, a Barkhausen noise occurs at
a magnetic field H of about -3 KA/m.

FIG. 19 shows the R-H curve of the magnetic detecting
clement according to the first embodiment, shown 1n FIG. 1.
The thickness of the Coke second ferremagnetle layer 32
was 50 A. FIG. 20 shows the R-H curve of the magnetic
detecting element shown m FIG. 3. The thickness of the
CoPt second ferremagnetle layer 60 was 50 A.

As shown 1n FIGS. 19 and 20, essentially no hysteresis
loop nor Barkhausen noise occurs.

The results indicate that by providing the second ferro-
magnetic layer on the second antiferromagnetic layer, an
magnetostatic coupling can be generated between the first
ferromagnetic layer and the second ferromagnetic layer,
thereby reducing the probability of the entrance of a static
magnetic field occurring from the mternal side surfaces of
the first ferromagnetic layer into the central portion of the
free magnetic layer. Since the central portion of the free
magnetic layer certainly maintains the single magnetic
domain state thereof, the hysteresis can be reduced and the
occurrence of Barkhausen noises can be suppressed.

The hysteresis, Barkhausen noise, and reproduction out-
put, and asymmetry of the magnetic detecting element
shown 1n FIG. 1 were examined while the thickness of the
second ferromagnetic layer 32 was varied.
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The hysteresis 1s evaluated with a percentage obtained by
dividing the area of the hysteresis loop by the area defined
by the line formed with the R-H curve and the centerline of
the loop, the line parallel to the horizontal axis and drawn
through the lower end point of the curve, and the line parallel

to the vertical axis and drawn through the upper end point of
the curve.

Magnitude of the Barkhausen nose i1s expressed on a
percentage basis by the formula (J/AV)x100, wherein AV
represents the variation 1n voltage with an applied magnetic
field varied from -8 to 8 kA/cm, and J represents the
variation 1n voltage by Barkhausen noise.

Asymmetry 1s an index of symmetry of the reproduction
waveform of output from a magnetic detecting element, and
expressed 1n a percent basis by the formula (V_-V_/V_+V_)
x100, wherein V_ represents the variation in voltage with an
applied magnetic field H varied from 0 to 8 kA/m, and V,
represents the variation in voltage with an applied magnetic
field H varied from 0 to -8 kA/m. A magnetic detecting
clement exhibiting an asymmetry value closer to 0% advan-
tageously produces outputs with a more symmetrical wave-
form.

FIGS. 21, 22, 23, and 24 show the results as to the

hysteresis, the Barkhausen noise, and the reproduction out-
put, and the asymmetry, respectively.

FIG. 21 shows that as the thickness of the soft magnetic
CoFe second ferromagnetie layer 32 on the second antifer-
romagnetic layer 31 increases, the hysteresis decreases and
reaches a minimum value at a thickness of about 75 A.

FIG. 22 shows that as the thickness of the second ferro-
magnetic layer 32 increases, the Barkhausen noise decreases
and reaches a minimum value at a thickness of about 75 A
as with the hysteresis.

Hence, as the thickness of the second ferromagnetic layer
32 increases, the magnetostatic coupling between the first
ferromagnetic layer 30 and the second ferromagnetic layer
32 1s strengthened, so that the probability of entrance of a
static magnetic field into the central portion of the free
magnetic layer can be reduced.

T'he hysteresis slightly increases at thicknesses of more
than 75 A. This 1s probably because a larger thickness of the
second ferromagnetic layer 32 reduces the exchange aniso-
tropic magnetic field between the second antiferromagnetic
layer 31 and the second ferromagnetic layer 32 to weaken
the force for fixing the magnetization of the second ferro-
magnetic layer 32, and, eonsecuently, the magnetization of
the second ferremagnetle layer 32 1s changed by an applied
magnetic field.

FIG. 23 shows that a larger thickness of the second
ferromagnetic layer 32 reduces the output (difference
between the maximum voltage and the minimum voltage) of
the magnetic detecting element. This indicates that the
second ferromagnetic layer 32 suppresses not only disorder
of the magnetic domain of the free magnetic layer 28 to
stabilize its single-magnetic-domain formation, but also
changes of the magnetization of the free magnetic layer 28.
However, an output of 1000 4V or more suifices for practical
use. Accordingly, FIGS. 21 to 23 suggest that the resulting
magnetic detecting element can produce a practicable output
by setting the thickness of the second ferromagnetic layer 32
so as to mimimizing the hysteresis and the Barkhausen noise.

FIG. 24 shows that by increasing the thickness of the
second ferromagnetic layer 32 to reduce the hysteresis and
the Barkhausen noise, the asymmetry value 1s also reduced.

According to the results of the example, by setting the
thickness of the second ferromagnetic layer 32 1n the range
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of 20 to 90 A, the hysteresis and the Barkhausen noise can
be reduced to half or less with the output voltage maintained
to be 1000 ¢V or more.

However, the output, the hysteresis, and the Barkhausen
noise depend on not only the thickness of the second
ferromagnetic layer 32, but also the thickness t4 of the
second antiferromagnetic layer 31 1n the end portions of the
element, the horizontal distance LL1 between the internal side
surfaces 30a of the first ferromagnetic layer 30 and the
internal side surfaces 32a of the second ferromagnetic layer
32, the magnetic moment per areca Mst of the first ferromag-
netic layer 30, and the saturation magnetization Ms of the
second ferromagnetic layer 32.

The example herein are intended to show that any mag-
netic detecting element having the structure of the present
invention can exhibit a reduced hysteresis and Barkhausen
noise with the output thereof maintained to be a practicable
level. Therefore, 1t does not limit the scope of the mnvention
as defined 1n and by the appended claims.

In the example for the results shown 1n FIGS. 21 to 24, the
thickness t4 of the second antiferromagnetic layer 31 in the
end portions of the element was set at 200 A, the horizontal
distance L1 between the internal side surfaces 30a of the first
ferromagnetic layer 30 and the internal side surfaces 32a of
the second ferromagnetic layer 32 at 0.1 um, the magnetic
moment per arca Mst of the first ferromagnetic layer 30 at
3 T-nm, the saturation magnetization Ms of the second
ferromagnetic layer 32 at 1.8 T, and the optical track width
Tw at 0.12 um.

FIGS. 25 and 26 show the results of the examination for
the hysteresis, Barkhausen noise, and output voltage of the
magnetic detecting element shown i FIG. 3 with the
thickness X of the second ferromagnetic layer 60 varied.

FIG. 25 shows that as the thickness of the hard magnetic
CoPt second ferromagnetic layer 60 on the second antifer-
romagnetic layer 31 increases, the hysteresis decreases and
reaches a minimum value at a thickness of about 50 A.

FIG. 26 shows that as the thickness of the second ferro-
magnetic layer 60 increases, the Barkhausen noise decreases
and reaches a minimum value at a thickness of about 50 1&,
as with the hysteresis.

Hence, as the thickness of the second ferromagnetic layer
60 formed of a hard magnetic material increases, the mag-
netostatic coupling between the first ferromagnetic layer 30
and the second ferromagnetic layer 60 1s strengthened, so
that the probability of entrance of a static magnetic field
generated from the internal side surfaces 30a of the first
ferromagnetic layer 30 into the central portion of the free
magnetic layer 28 can be reduced.

FIG. 27 shows that a larger thickness of the second
ferromagnetic layer 60 reduces the output (difference
between the maximum voltage and the minimum voltage) of
the magnetic detecting element. This indicates that the
second ferromagnetic layer 60 suppresses not only disorder
of the magnetic domain of the free magnetic layer 28 to
stabilize 1ts single-magnetic-domain formation, but also
changes of the magnetization of the free magnetic layer 28.
However, an output of 1000 #V or more sutfices for practical
use. Accordingly, FIGS. 25 and 26 suggest that the resulting
magnetic detecting element can produce a practicable output
by setting the thickness of the second ferromagnetic layer 60
5o as to minimizing the hysteresis and the Barkhausen noise.

FIG. 28 shows that by increasing the thickness of the
second ferromagnetic layer 60 to reduce the hysteresis and
the Barkhausen noise, the asymmetry value 1s also reduced.

According to the results of the example, by setting the
thickness of the second ferromagnetic layer 60 1n the range

10

15

20

25

30

35

40

45

50

55

60

65

34

of 30 to 60 A, the hysteresis and the Barkhausen noise can
be reduced to half or less with the output voltage maintained
to be 1000 ¢V or more.

However, the output, hysteresis, and Barkhausen noise of
the magnetic detecting element depend on not only the
thickness of the second ferromagnetic layer 60, but also the
vertical distance t6 between the 1nternal side surfaces 30a of
the first ferromagnetic layer 30 and the internal side surfaces
60a of the second ferromagnetic layer 60, the magnetic
moment per arca Mst of the first ferromagnetic layer 30, and
the residual magnetization Mr of the second ferromagnetic
layer 60.

The example 1s intended to show that any magnetic
detecting element having the structure of the present inven-
tion can exhibit a reduced hysteresis and Barkhausen noise
with the output thereof maintained to be a practicable level.
Therefore, 1t does not limit the scope of the invention as
defined 1n and by the appended claims.

In the example for the results shown 1n FIGS. 25 to 28, the
vertical distance t6 between the 1nternal side surfaces 30a of
the first ferromagnetic layer 30 and the internal side surfaces
60q of the second ferromagnetic layer 60 was set at 60 A, the
magnetic moment per area Mst of the first ferromagnetic
layer 30 at 3 T-nm, the residual magnetization Mr of the
second ferromagnetic layer 60 at 1 T, and the optical track
width Tw at 0.12 um.

What 1s claimed 1s:

1. A magnetic detecting element comprising:

a multilayer laminate 1ncluding a first antiferromagnetic
layer, a pinned magnetic layer, a nonmagnetic material
layer, and a free magnetic layer deposited 1n that order
from below;

a nonmagnetic interlayer disposed above the free mag-

netic layer;

a pair of first ferromagnetic layers disposed above the
nonmagnetic interlayer 1n end portions 1n a track width
direction of the magnetic detecting element, the first
ferromagnetic layers being separated in the track width
direction by a space therebetween;

a pair of second antiferromagnetic layers separately dis-
posed above the respective first ferromagnetic layers;

a pair of second ferromagnetic layers separately disposed
above the respective second antiferromagnetic layers;
and

clectrode layers,

wherein the pair of antiferromagnetic layers have an
internal end portion starting at the space between the
first ferromagnetic layers and extending outward in a
track width direction, the mternal end portion having a
substantially constant thickness for a non-zero length
prior to a gradual increase in thickness at an outer end
portion of the second antiferromagnetic layer such that
at least two distinct points on the same side of the space
have the same thickness 1n the internal end portion, and

wheremn a magnetization direction of the second ferro-
magnetic layers 1s antiparallel to that of the first ferro-
magnetic layers.

2. A magnetic detecting element according to claim 1,
wherein the pair of electrode layers lies over the internal end
portions of second antiferromagnetic layers.

3. A magnetic detecting element according to claim 2,
wherein the second ferromagnetic layers lie over the internal
end portions and the outer end portions of the second
antiferromagnetic layers.

4. A magnetic detecting element according to claim 2,
wherein the second ferromagnetic layers overlie only the
outer end portions of the second antiferromagnetic layers.
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5. Amagnetic detecting element according to claim 1, the
second ferromagnetic layers comprise a soft magnetic mate-
rial and are deposited directly on upper surfaces of the
second antiferromagnetic layers.

6. A magnetic detecting element according to claim 3§,
wherein a magnetic moment per arca of the free magnetic
layer 1s larger than that of the first ferromagnetic layers.

7. A magnetic detecting element according to claim 1,
further comprising nonmagnetic layers between the respec-
five second antiferromagnetic layers and the second ferro-
magnetic layers, wherein the second ferromagnetic layers
comprise a hard magnetic material.

8. A magnetic detecting element according to claim 7,
wherein a magnetic moment per area of the free magnetic
layer 1s larger than that of the first ferromagnetic layers.

9. A magnetic detecting element according to claim 7,
wherein a magnetic moment per arca of the free magnetic
layer 1s smaller than that of the first ferromagnetic layers.

10. A magnetic detecting element according to claim 1,
further comprising nonmagnetic layers between the respec-
five second antiferromagnetic layers and the second ferro-
magnetic layers, and third antiferromagnetic layers on
respective upper surfaces of the second ferromagnetic lay-
ers, wherein the second ferromagnetic layers comprise a soft
magnetic material.

11. A magnetic detecting element according to claim 10,
wherein the first antiferromagnetic layers, the second anti-
ferromagnetic layers, and the third antiferromagnetic layers
comprise the same material.

12. A magnetic detecting element according to claim 10,
wherein the third antiferromagnetic layers comprise a mate-
rial having a blocking temperature lower than that of the
materials of the first antiferromagnetic layers and the second
antiferromagnetic layers.

13. A magnetic detecting element according to claim 1,
wherein the electrode layers lie above and under the multi-
layer laminate.

14. A magnetic detecting element comprising:

a multilayer laminate including a first antiferromagnetic
layer, a pinned magnetic layer, a nonmagnetic material
layer, and a free magnetic layer deposited 1n that order
from below;

a nonmagnetic interlayer disposed above the free mag-
netic layer;

a pair of first ferromagnetic layers disposed above the
nonmagnetic interlayer 1n end portions 1n a track width
direction of the magnetic detecting element, the first
ferromagnetic layers being separated 1n the track width
direction by a space therebetween,;

a pair of second antiferromagnetic layers separately dis-
posed above the respective first ferromagnetic layers;
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a pair of second ferromagnetic layers separately disposed
above the respective second antiferromagnetic layers;

clectrode layers; and

nonmagnetic layers disposed between the respective sec-
ond anfiferromagnetic layers and the second ferromag-
netic layers, and third antiferromagnetic layers on
respective upper surfaces of the second ferromagnetic
layers,

wherein a magnetization direction of the second ferro-
magnetic layers 1s antiparallel to that of the first ferro-
magnetic layers,

the second ferromagnetic layers comprise a soft magnetic
material, and

the first anfiferromagnetic layers, the second anfiferro-

magnetic layers, and the third antiferromagnetic layers
comprise the same material.

15. A magnetic detecting element comprising;

a multilayer laminate including a first antiferromagnetic

layer, a pinned magnetic layer, a nonmagnetic material

layer, and a free magnetic layer deposited 1n that order
from below;

a nonmagnetic interlayer disposed above the free mag-
netic layer;

a pair of first ferromagnetic layers disposed above the
nonmagnetic interlayer 1in end portions 1n a track width
direction of the magnetic detecting element, the first
ferromagnetic layers being separated in the track width
direction by a space therebetween;

a pair of second antiferromagnetic layers separately dis-
posed above the respective first ferromagnetic layers;

a pair of second ferromagnetic layers separately disposed
above the respective second antiferromagnetic layers;

clectrode layers; and

nonmagnetic layers disposed between the respective sec-
ond antiferromagnetic layers and the second ferromag-
netic layers, and third antiferromagnetic layers on
respective upper surfaces of the second ferromagnetic
layers,

wheremn a magnetization direction of the second ferro-
magnetic layers 1s antiparallel to that of the first ferro-
magnetic layers,

the second ferromagnetic layers comprise a soft magnetic
material, and

the third antiferromagnetic layers comprise a material
having a blocking temperature lower than that of the
materials of the first antiferromagnetic layers and the
second antiferromagnetic layers.
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